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Chapter 1 



Introduction 



Particle physics endeavors to provide a description of fundamental particles and their interactions in 
the quantum realm. Intense experimental investigations and clairvoyant theoretical innovations in the 
last century culminated in the formulation of the Standard Model of particle physics. It bloomed 
from the ideas originally put forward by S. L. Glashow, S. Wienberg and A. Salam [2] in the 1960's. 
Decades of increasingly intense experimental scrutiny has put this theory on strong footing. Today 
it is believed that the Gauge Field Theoretic [1] language of the Standard Model (SM) is the right 
path to describe quantum particle interactions. The notion of theoretic consistancy, cosmological 
observations like the detection of dark matter etc. indicate that the SM only provides a partial picture 
of the fundamental particles. Nevertheless, any extensions of this theory must closely resemble the 
SM at the energies that have already been explored at collider and other laboratory experiments. 



1.1 The Standard Model 

The particle content of the Standard Model was discovered at the various collider experiments. The 
last particle to be discovered is the Top quark, discovered at the Tevatron. The Higgs field which is an 
integral part of the theory has evaded discovery till the date of writing this thesis. The so called zoo 
of fundamental particles is summarized in Figure 1.1. 

The Standard Model (SM) is a specific form of a gauge field theory with a gauge group of 
SU{3)c X SU{2)l X f/(l)y. It provides a unified picture of the strong, weak and electromagnetic 
interactions. The 5'f/(3)c part of the gauge group exclusively describes the strong interactions and is 
independently called Quantum Chromo Dynamics (QCD). Whereas the SU (2) l x f/(l)y part of the 
gauge group provides a unified picture of the electromagnetic and the weak interactions and is called 
the Electroweak sector of the theory. 
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THE STAMDARD MODEL 




Figure 1.1: The particle content of the Standard 
Model. 



The strong interaction part, or the (QCD) [3] has an SU (3) gauge group. The Lagrangian density 
may be written as, 

Cqcd = -\g\.G'^'' + 4. (1-1) 

r 

where, 

= d^Gl — dyG^^ — Qsfijk (1.2) 

is the field strength tensor for the gluon fields G^, i = 1, ■ ■ ■ , 8, (/^ is the QCD gauge coupling 
constant and the structure constants fijk {i, j, k = 1, ■ ■ ■ ,8) are defined by 

[X\X^] = 2zf,,kX\ (1.3) 
where the A are the SU{3) generator matrices normalized by Tr A^A-' = 25''^, so that Tr [A*, A-'] A''' = 

The G^ term leads to the self-interaction of gluons. The second term in Cqcd is the gauge co variant 
derivative for the quarks: is the r*'^ quark flavor, a, (3 = 1,2,3 are color indices, and 

= {D,U = d,S.^ + Ws G; L^^, (1.4) 

where the quarks transform according to the triplet representation matrices = AY2. The color in- 
teractions are diagonal in the flavor indices, but in general change the quark colors. These interactions 
are purely vector like and thus parity conserving. There are in addition, effective ghost and gauge- 
fixing terms which enter into the quantization of both the SU (3) and electroweak parts of the theory. 
In the QCD part of the theory, there is the possibility of adding a (unwanted) term which violates CP 
invariance. QCD has the property of asymptotic freedom [4], i.e., the coupling becomes weak at high 
energies enabling perturbative study at these energy scales or short distances. At low energies or large 
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distances it becomes strongly coupled [5] which is sometimes called infrared slavery, leading to the 
confinement of quarks and gluons. The confinement of quarks and gluons is still an ill-understood 
facet of QCD as it is riddled with the difficulty of being a non-perturbative phenomenon. Note that 
there are no tree level mass terms for the quarks in the Lagrangian given in Eq. 1.1. These would be 
allowed by QCD alone, but are forbidden by the chiral symmetry of the electroweak part of the theory. 
The quark masses are generated by phenomenon of spontaneous electroweak symmetry breaking. 

The theoretical picture of QCD described above was painstakingly verified through various collider 
experiments. The scaling of structure functions in the deep inelastic collisions of nucleons provided 
the first glimpse of hadronic substructure, parton model of hadrons was invoked to explain this phe- 
nomenon. The scaling violations that were discovered later provided indirect verification of pertur- 
bative QCD. Though QCD is a vast subject by itself and is an integral part of present quest for a 
quantum description of particle interaction, it is not the main subject of study in this thesis and it will 
not be explored any further in what follows. 

The gauge group of the electroweak sector is the SU (2)^ x U{1)y- The constituents of the SM fall 
into valid representation of these groups. An important feature of this model is the chiral nature of 
the interactions. Unlike QCD, the left and right chiral parts of the fields behave differently under 
the electroweak gauge transformation. This phenomenon can be consistently described by using the 
following representations of the field. We represent the leptonic sector of the electroweak theory by 
the left-handed leptons 

with weak isospin 7 = 1/2 and weak hypercharge YiLi) = —1, corresponding to the SU{2) and 
f/(l) charges respectively. The right-handed weak-isoscalar charged leptons are represented by 

Ei,2,3 = eR,/iR,rR , (1.6) 

with weak hypercharge Y(Ei) = —2. The right handed fields are singlets under SU{2). The weak 
hypercharges are chosen to reproduce the observed electric charges, through the connection Q = 
J3 + 1/2Y. The original Glashow-Wienberg-Salam model did not have a right chiral neutrino, leaving 
the neutrinos massless. 

The hadronic sector consists of the left-handed quarks 

with weak isospin I = 1/2 and weak hypercharge Y{Qi) = 1/3, and their right-handed weak- 
isoscalar counterparts 

^1,2,3) = Ur, cr, tR and ^(1,2,3) = c^r, sr, 6r , (1.8) 

with weak hypercharges Y{Ui) =4/3 and Y{Vi) = —2/3. According to the basic tenets of quantum 
physics, identical quantum numbers can mix with each other. It can be shown that all but one of 
these mixing matrices can be absorbed into the redefinition of the fields. As per convention, the weak 
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eigenstates in the lower component of the quark doublets in Eq. 1 .7 are considered to be admixtures 
of the mass eigenstates. This mixing of the fields may be represented by: 

d\ / Vud Ks V^h\ / d'\ / d'\ 

S ] = { V,, Kf, ^' =VcKM , (1.9) 

b J \Vtd Vts Vt, ) \b' I \b' I 

where the d' , s', V are the mass eigenstates. This kind of mixing leads to flavor violation i.e., mixing 
between different generations of quarks. Experimental observations have put strong constraints on 
flavor changing neutral current. Glashow-Iliopoulos-Maiami [6] demonstrated that if Vckm is con- 
strained to be a unitary matrix, such flavor changing processes mediated by neutral gauge bosons are 
suppressed. Following Cabibbo [7]-Kobayashi-Maskawa [8] a simple parameter counting of a n x n 
unitary matrix reveals the existence oi n{n — l) /2 independent real mixing angles and (ra — — 2)/2 
independent complex phases. It is clear that the Vckm contains three real mixing angles and single 
complex phase. The complex phase leads to complex gauge interactions that violates CP symmetry 
within the framework of the SM. The unitarity of the CKM-matrix implies various relations between 
its elements. In particular, we have 

KdK; + KdKt + v,,v:, = 0. (1.10) 

Phenomenologically this relation is very interesting as it involves simultaneously the elements Vuh, Kb 
and Vtd which are under extensive discussion at present. The relation in Eq. 1.10 can be represented 
as a "unitarity" triangle in the complex {Q,ff) plane. Where l!/''!/,''! = \/ + ff and I = 

^(1 — qY + ff. Eq. 1.10 is invariant under any phase-transformations, they are phase convention 
independent and are physical observables. Consequently they can be measured directly in suitable 
experiments. One can construct additional five unitarity triangles corresponding to other orthogonality 
relations, like the one in Eq. 1.10. They are discussed in [9]. Some of them should be useful when 
LHC-B experiment will provide data. The areas of all unitarity triangles are equal and related to the 
measure of CP violation Jcp [10]- 

|Jcp|=2-Aa, (1.11) 
where A/^ denotes the area of the unitarity triangle. 

The fact that each left-handed lepton doublet is matched by a left-handed quark doublet guarantees 
that the theory is anomaly free, this is a prerequisite for a theory to be renormalizable. It ensures that 
the higher order contributions in the perturbation theory will respect the gauge symmetry imposed at 
the zeroth (tree) order in the Lagrangian [11]. 

The electroweak gauge group predicts two sets of gauge fields: a weak isovector W^, with coupling 
constant g, and a weak isoscalar B^, with its own coupling constant g' . In order for the Lagrangian 
to be gauge independent, these gauge fields must transform to compensate the variation induced in 
the mass fields. This specifies the transformation of the gauge fields to be, — )■ — ax — 
{1/ g)d^OL under an infinitesimal weak-isospin rotation generated by G = 1 + {i/2)ct ■ r (where r 
are the Pauli matrices) and B^ — [1/ g')d^a under an infinitesimal hypercharge phase rotation. 

The corresponding field- strength tensors are defined as, 

= duW; - d,Wl + ge,k^Wj,W^ , (1.12) 
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where i = 1, 2, 3 for the three components of the weak isovector, and 



B^, = d,B^-d^B,, (1.13) 

for the weak-hypercharge symmetry. 

We may summarize the SM electroweak interactions by the Lagrangian, 

^ew -^gauge ~l~ -^Icptons ~l~ -^quarks ; 

with 

= - 

4 



C„ = -\Y.^U^'''' - W^^'"^ (1-15) 



Acptons = ^E,z7^'('9^ + z|5^F)E,- (1.16) 



1 



3 



where j is the generational index and runs over e, ji, r, and 



n 



^Cquarks = ^ W„ ( 9^ + Z |- fi^F ] W, 



2 



n 



+ ^V„.tY[d^. + i^B^Y]Vn (1.17) 



where the generation index n runs over 1, 2, 3. The objects in parentheses in Eq. 1.16 and Eq. 1.17 
are the gauge-covariant derivatives. 

The gauge Lagrangian (Eq. 1.15) contains four massless electroweak gauge bosons, viz. W^, W^, W^, 
B^. They are massless because a mass term such as \/2m^B^B^ is prohibited by gauge symmetry. 
Massless gauge fields manifest in interaction with infinite range. In nature, only electromagnetism 
fits this bill and the corresponding gauge field is called the photon. Moreover, the gauge symmetry 
forbids fermion mass terms of the form mff = m{f^ fi^ + /l/r) in Eq. 1.16 and Eq. 1.17, because 
the left-chiral and right-chiral components of the fields transform differently under gauge symmetry. 

To generate masses of the gauge bosons other than the photon and the chiral fermions in a gauge in- 
variant way, we need to break the gauge symmetry in a very special way. We consider that the gauge 
symmetries are respected everywhere in the theory but are broken by the vacuum state. This procedure 
is called the spontaneous breaking of gauge symmetry^. It was first introduced in the context of super- 
conducting phase transition. In particle physics what has come to be called the Higgs mechanism [12] 
is but a relativistic generalization of the Ginzburg-Landau theory [13] of superconductivity. 



'it is curious to note that this phenomenon of spontaneous breaking of gauge symmetry is possible only for space 
dimensions 2 and above. This is called the Coleman-Mermin- Wagner theorem. 
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In the standard model this is achieved by introducing a complex scalar that transforms as a doublet 
under the SU (2) gauge group. The U{1) charge is represented by its +1 hypercharge. The field is a 
color singlet. Let us define the scalar doublet as, 

$ = flo 1 = 1 i'y: i- a-is) 



The gauge invariant Lagrangian for the field $ may be written as, 

U = {D^^^D^^ -V{^), (1.19) 

where. 



and 



ig' 



=[d, + tg-W;, + ^B, ) (1.21) 



The Lagrangian has a global 5*0(4) (= SU (2) x SU (2)) symmetry. For fi^ < 0, the Higgs potential^ 
in Eq. 1.20 takes the form shown in Figure 1.2. With this configuration, clearly (O|0j|O) ^ 0. Rather 
it lies on a four dimensional circle with radius u. From the orbit structure |(O|0j|O)p = z/^, 
we note that the vacuum has a 5*0(4) symmetry as mentioned above and as soon as we select a 
direction for the vev it reduces to 50(3). The group 50(3) is isomorphic to SU{2). Thus the 
original SU (2) x SU (2) global symmetry is now reduced to a SU (2). This residual global symmetry 
in the Higgs potential is called the custodial symmetry. This remains unbroken even after the vev is 
generated, and this unbroken symmetry implies the equality of all gauge boson masses generated by 
spontaneous symmetry breaking, a phenomenon the we demonstrate below. Without loss of generality 
we can choose the axis in this four-dimensional space so that (O|0i|O) = 0, i = 1, 2, 4 and (O|03|O) = 
u. This choice of the physical vacuum results in the breaking of the gauge symmetry in the vacuum 
state. 

To quantize around the classical vacuum, we introduce the physical scalar $' defined by the relation, 
$ = ^ ^ ^ ^ + where (0|$'|0) = . To proceed further it will be useful to rewrite the four 
components of $' in terms of a new set of variables following Kibble [14] as, 

$= 1 ^Eel-'/' y (1.22) 



V2 V ^ + ^ 

where /i is a hermitian field which will turn out to be the physical Higgs scalar. The are the massless 
pseudoscalars Nambu-Goldstone bosons [15] that are necessarily associated with broken symmetry 



^It should be noted that in the quantized theory, there are going to be quantum corrections to the classical Lagrangian. 
It can be shown that the phenomenon of electroweak symmetry breaking is nonperturbative, i.e even after incorporating 
higher order corrections, the vacuum structure of the potential as depicted in Figure 1.2 will remain identical. 
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generators. However, the SU (2) gauge invariance of the SM allows us to select a gauge where these 
fields disappear from the physical spectrum. This so called unitary gauge is defined as, 







where the Goldstone bosons disappear. In this gauge, the scalar kinetic term takes the form 



(1.23) 



Ml 



+ h terms 



+ -yZ^Z^ + h terms, 



(1.24) 



where the terms involving the physical h field have been clubbed together as the 'h terms'. The 
third component of the SU{2) gauge field Wj^ and the U{1) gauge field i?^ have identical quantum 
numbers after the spontaneous breaking of the electroweak gauge group and they get mixed in the 
Higgs kinetic term. The mass diagonal fields are related to these fields by the following relations. 



Wr, 



sin OwBfj, 



cos 9wW^, 



and the orthogonal combination, 



Art = COS 9wBu + sinOwW^. 



is the photon field that remains massless. Where the weak angle 9w is defined by 



tan 6 



w 



3_ 

9 



sin^ 9w 



Ml 



(1.25) 



(1.26) 



(1.27) 



Thus, spontaneous symmetry breaking generates mass terms for the W and Z gauge bosons propor- 
tional to the Higgs vacuum expectation value v. They are given by, 

Mw = y , (1.28) 

and 

Mz = v/^TT^^ = (1.29) 
2 cos Uw 

Observe that Mz > Mw which is in contradiction to the argument of equal gauge boson mass we 
gave from the idea of custodial symmetry. In the SM the custodial symmetry associated with the 
SU{2) gauge group is broken, and it has been broken by hypercharge mixing, i.e. by expanding the 
gauge group to SU (2) x U{1). If we put the hypercharge gauge coupling g' to zero, we recover the 
symmetric condition. We will define an important parameter: 
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With the SU{2) doublet scalar representation (at tree level), one can easily show from Eq 1.29 that 
p = 1, which is a non-trivial prediction of the SM at the tree level. 

The Goldstone bosons ,^'s, disappear from the theory as physical entities but reemerge as the longitu- 
dinal degrees of freedom of massive vector boson fields. 

The gauge boson masses are related to the Fermi constant by the relation: Gp/ = g"^ / 8M^, where 
Gp — 1.16637 X 10"^ GeV^^, as determined from the muon lifetime measurements. The weak scale 
V is therefore 

V = 2Mw/g ^ (v^Gf)"^/^ ^ 246 GeV. (1.31) 
Where, g = e/ sm.O\Y, where e is the electric charge of the positron. Hence, to lowest order 

= M,cos9^ ~ {-a/V2GpYI- ^ ^^^^^ 
sm dw 

where a ^ 1/137.036 is the fine structure constant. Using the measured value of sin^ 9w ~ 0.23 as 
obtained from from neutral current scattering experiments , one expects Mw 78 GeV, and Mz ~ 89 
GeV. (These predictions are increased by 2 — 4% by higher order corrections.) 

From symmetry considerations we are free to add gauge-invariant interactions between the scalar 
fields and the fermions. These are called the Yukawa terms in the Lagrangian and they are the means 
of generating fermion masses within the framework of the SM^. To generalize for all the matter fields, 
we can write the Yukawa interaction term as, 

Cvukan^a = -l^J^^'^ - Vf^Q^V,^ - YI^UE,<^ + h.C (1.33) 



where, $ = —ia2^* and F", y^, are the up-quark, down-quark and charged lepton Yukawa 
coupling constant matrices respectively. Once, the Higgs field gets a vev v, then the Lagrangian takes 
the form fLf^ffn with the mass matrices 

(mj^^. oc (m,)^^ <x Vf^v, (m,),^. oc ^w, (1.34) 

where, i,j represent the generational index. These mass matrices are in the flavor basis, and not in the 
mass basis. It should be noted that due to the absence of their right chiral components, the neutrinos 
remain massless in the SM. 



1.1.1 Experimental status of the Standard Model 

One of the striking features of the standard model is that it has withstood decades of increasingly 
intense experimental scrutiny. We briefly summerize the present experimental status of the SM. 

Tree level: Historically, the electroweak theory was formulated in the context of extensive experi- 
mental information about the charged-current weak interactions (mainly from study of /3 decay). The 

^The Higgs mechanism in the SM not only breaks the gauge symmetry but it also drives a breaking of the chiral 
symmetry in the fermionic sector 
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Figure 1.3: Cross section for the reaction e + e — )• 
W + W measured by the four LEP experiments, 
together with the full electroweak-theory simula- 
tion and cross sections that would result from v- 
exchange alone and from (i/ + 7)-exchange [20] 
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Figure 1.4: TPuU values comparing Gfitter 
complete fit results with experimental detemiina- 
tions [21]. 



Fermi Theory of the weak charged current interactions had been developed and tested prior to the con- 
struction of the SM. The unitarity argument [19] made it clear that Fermi's four-fermion description 
could not be valid above cm. energy y/s ~ 600 GeV. This necessitated the conjecture of heavy inter- 
mediate massive charged gauge bosons. The smallest unitary group which provides an off-diagonal 
generator (corresponding to the charged gauge boson) is SU(2). The relevant generators are and r^. 
We further need a massless gauge boson to account for the infinite range electromagnetic interaction. 
Any association of photon with the neutral generator would lead to contradiction with respect to 
the charge assignment of particles. The gauge charges of fermions coupling to are ±i, clearly 
different from the electric charges. IVIoreover, couples to neutrino, but photon does not. All in 
all, just with SU(2) gauge theory we cannot explain both weak and electromagnetic interactions. The 
next simplest construction is to avoid taking a simple group, but consider SU(2) x U(l). Further 
analysis of the reaction z/P — )■ W^W~ showed that the introduction of intermediate massive vector 
bosons, to make the weak interaction nonlocal, was non-renormalizable. However, with the advent 
of the Higgs mechanism, it was successfully moulded into the renormalizable theory discussed in the 
previous section, which allowed the calculation of radiative corrections. 

The weak neutral current (WNC), along with the W and Z, have been the primary predictions of 
the SM. The WNC was discovered in 1973 by the Gargamelle collaboration at CERN and by HPW 
at Fermilab. The structure of the WNC has been tested in many processes, including (purely weak) 
neutrino scattering z/e — ue, uN — uN, uN — I'X; weak-electromagnetic interference in e^^D — )■ 
eX, atomic parity violation, and recently in polarized MoUer scattering; and in e~^e~ scattering above 
and below the Z pole. The W and Z were discovered at CERN by the UAl [16] and UA2 [17] groups 
in 1983 and the subsequent measurements of their masses have been in excellent agreement with the 
SIM expectations (including the higher-order corrections [18]) discussed in the previous section. The 
cynosure of the LEP legacy is the triumphant verification of the gauge sector of the SIM which involves 
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the spontaneous breaking of the gauge group: SU{2)l x U{1)y U{1)q. Figure 1.3 obtained 
primarily from LEP II runs clearly verifies the SM gauge group. On one hand it clearly shows the 
existence of the ZWW vertex confirming the non-abelian nature of the gauge group. Indirectly it 
also validates the idea of spontaneous symmetry breaking. To see this, note that the intermediate 
gauge bosons have to be massive to explain the /3 decay data. However, explicit breaking leads to 
non-renormalizability. But the good behavior of the cross section with energy in Figure 1.3, indicates 
a renormalizable theory and thus implies spontaneous breaking of the gauge symmetry. In summary, 
this plot clearly indicates that the charged and neutral currents in the particle gauge interaction are in 
accordance with the SM prediction. This not only confirms the SU{2)l x f/(l)y gauge group but 
also demonstrates that it is spontaneously broken to U{1)q. 

The Z factories LEP and SLC allowed tests of the standard model at a precision of ~ 10^'^, much 
greater than what had previously been possible at high energies. In particular, the four LEP exper- 
iments ALEPH, DELPHI, L3, and OPAL at CERN produced some 2 x lO^Z's at the Z-pole in the 
reactions e'^e'^ — t- Z — > /qq. The SLD experiment at SLAC had a relatively smaller number of 
events, ~ 5 x 10^, but had the significant advantage of the high polarization (~ 75%) of the beam. 
The Z pole observables included the lineshape variables, Mz, Tz, and cr; and the branching ratios 
into e~^e~ , r+r^ as well as into qq, cc, bb, and (less precisely) ss. These could be combined 

to obtain the stringent constraint N^, = 2.9841 ± 0.0083 on the number of ordinary neutrinos with 
nil, < Mz/2 (i.e., on the number of families with a light neutrino). This gave the first experimental 
indication of the three generation flavor structure of the SM . At present, all the three pairs of quarks 
and leptons have been directly produced at collider experiments that give hard evidence for the three 
generation conjecture. This also constrained other invisible Z decays. 

The Z-pole experiments also measured a number of asymmetries, including forward-backward (FB), 
polarization, r polarization, and mixed FB -polarization, which were especially useful in determining 
the weak angle 9w The leptonic branching ratios and asymmetries confirmed the lepton family 
universality predicted by the SM. The result of fitting these observations with the SM predictions are 
generally in excellent agreement. Figure 1 .4 shows the pull of the fittings in the SM. There is a hint of 
a tension between the lepton and quark asymmetries (most apparent in the b quark forward-backward 
asymmetry A^j^f and the polarization asymmetry Ai.). This may well be a statistical fluctuation, but 
could possibly be suggesting new physics affecting the third family. 

The recent activity in charged current interaction is centered around the study of the Cabibbo- 
Kobayashi-Maskawa (CKM) matrix which measures the mismatch between the family structure of 
the left-handed w-type and d-type quarks. For 3 families, Vckm involves three angles and one CP- 
violating phase after removing the unobservable phases as discussed before. There have been 
extensive recent studies, especially in B and K decays, to test the unitarity and consistency of Vckm 
as a probe of new physics and to test the origin of CP violation. A global fit [23], within the frame- 
work of the three-generation standard model, yields the following magnitudes \Vij\ for the CKM 
matrix elements: 

/ 0.97419 ± 0.00022 0.2257 ± 0.0010 0.00359 ± 0.00016 \ 

0.2256 ± 0.0010 0.97334 ± 0.00023 0.0415j:[};[]J]}? • (1-35) 
V 0.00874^°:™ 0.0407 ± 0.0010 0.999133l|j:[J[]J]g^^ / 

The present experimental status of the unitarity triangle is shown in Figure 1.5. 
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Figure 1.5: The unitarity triangle, showing overlap regions of several CP-conserving and CP- violating ob- 
servables from the K and B systems, p and f] are the same as p and r] up to higher order corrections, and 
p-irj = Vub/iVcbyus)- Plot courtesy of the CKMfitter group [24], http : //ckmf itter . in2p3 . f r. 



Higher order: The experimental probing of the SM has scrutinized it beyond the tree level. The 
present accuracy of experimental observations have enabled us to probe the quantum corrections of the 
theory. A brief discussion of this is in order, not only because it allows quantum verification of the SM, 
but also because it puts stringent constraints on any further extension of the theory. The discussion 
below closely follows the arguments laid out in [25]. Experimental measurements on the Z pole at 
LEP has verified the radiative corrections to the gauge boson propagators to high precision. There 
are four two-point functions: nQQ(g^), nQ3(g^), 1133(92), nii(g^) where Q ^ and (1,2,3) =^ 
(Vr^, VF^, W^). Measurements have been made at two energy scales: = 0, M|. So there are eight 
two-point correlators. Of these eight, 11^^(0) = 11^^(0) = due to QED Ward identity'*. Three linear 
combinations can be absorbed in the redefinition of the parameters: a, and Mz- The remaining 
three independent combinations are called the Peskin-Takeuchi oblique electroweak parameters {S, T 
and U). The parameters T and U capture the effects of custodial symmetry and weak isospin violation, 
while 5 is a measure of weak isospin breaking alone [26]. Note that to cover all electroweak results, 
one needs to expand the number of such parameters, see [27] for further details. The definition of the 
parameters are given by, 

'^These identities ensure that the gauge invariance of the classical Lagrangian is preserved after the quantization of the 
theory. 
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and 



S 



{sin{6w)cos{6w))'^ 
IGvr 



(nn(o)-n33(o)) 



(n33(M|)-n33(o)-n3Q(M|)) 



(1.36) 



(1.37) 



where HabiQ) is the vacuum polarization amplitude with gauge bosons a and b in the extemal legs and 
the energy scale associated with the amplitude is q. A generic fermion-induced vacuum polarization 
diagram with gauge bosons in the two extemal lines has the following structure: 



F'^^(mi,m2,A,A') = (-) 



+ m2 



)} 



(2vr)^ 



{(g + A:)2-jn2}(fe2-m2) 



167r2 







/ dx 


A - hi 1 


Jo 





— x) + m\x + 7712(1 



+ (1 + \>!){m\x + ml{l- x))g^y - (1 - ^>!)mim2g^,u\ 



[2(l + AA0x(l-x)((/^g,-gV) 

(1.38) 



In the above equation, nii and m2 are the masses of the fermions in the loop, and A(= 2/(4 — 6?) — 
7 + ln47r) is regularization scheme dependent divergent quantity. We are interested in the terms 
proportional to g^y, the Il-functions are defined as —i times these factors. By putting A = 1 and 
A' = 1, we will get the left-left (LL) Il-function, given by 



1 

'4^ 



dx 



A + ln- 



-g2x(l - x) + M^{x) 
where, M^(x) = mfx + 7712(1 — x). 



q'^x{l -x)- -M2(x) 



(1.39) 



Thus we find. 



n33(g') 
nn(g') 



-IlLLiq'^,ml,ml). 



(1.40) 
(1.41) 



Now, supposing mi and 7772 are the masses of the two fermion states appearing in an SU(2) doublet, 
it immediately follows that 



n33(g') 
nn(g') 



^ [nii(g^ ml, ml) + Ull^q'^, ml,ml)] 
l-ULL{q^,ml,ml). 



(1.42) 



One can now, in general, derive the SM prediction of the oblique parameters by using the above 
general scheme. For example the T parameter is given by. 



T 



An 



sin^ 6w cos2 OwM^ 



[nn(o)-n33(o)] 



(1.43) 



The dominant effect of isospin violation indeed comes from top-bottom mass splitting, given by 



T 



t-b 



An 



sin^ Ow cos2 OwM]. 32n^ 



mf + 777^ 



2 2 

m^mi 
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ml 
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^ 777f 



1 m} 



nMl' 



(1.44) 
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Figure 1 .6: Contours of 68%, 95%, and 99% CL in the TS-plane. The gray region shows the prediction within 
the SM. Mh = 120 GeV and mt = 173.2 GeV defines the reference point at which all oblique parameters 
vanish. Plot courtesy Gfitter group [21]. 



In the last step, we have assumed that ml « mf. Note that in the limit rrit = rrih, the contribution 
to T vanishes, as expected. The contribution of the Higgs boson arises from ZZh and W^W~h 
interactions. It turns out that 

<^T' = - M^) In f In ^. (1.45) 

Figure 1.6 shows the presently allowed region in the S-T plane. Note that the SM contributions have 
been subtracted from the parameter, i.e. S 5"^^ - S^^^ and T T^^p - T^^^ The SM point on 
this plane would be the origin (0, 0) . Clearly this is in good agreement with experimental bounds and 
thus puts strong constraints on any further extension of the SM. 



1.1.2 Problems with the Standard Model 



The SM is a mathematically-consistent renormalizable gauge field theory which is consistent with 
all experimental facts. It successfully predicted the existence and form of the weak neutral current, 
the existence and masses of the W and Z bosons, and the fermion family structure, as necessitated 
by the GIM mechanism. The charged current weak interactions and quantum electrodynamics are 
successfully incorporated into its folds. The consistency between theory and experiment indirectly 
tested the higher order corrections which established the ideas of renormalization in the context of 
the SM. When combined with quantum chromodynamics for the strong interactions, the standard 
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model is almost certainly the approximately correct description of the elementary particles and their 
interactions down to at least lO^^^cm ~ 1 TeV. 

Despite its successes, the SM has a great deal of arbitrariness and fine-tuning [28], as is illustrated 
by the fact that it has 27 free parameters (29 if we consider the Majorana neutrinos), and that is 
not including electric charges. The parameters of the SM include: 3 gauge couplings; the Z and 
Higgs masses; the QCD Q parameter; 12 fermion masses; 6 mixing and 2 CP phases (2 additional for 
Majorana z/'s); and the cosmological constant. The Planck scale (Newton constant) is not included 
because only the ratios of mass parameters are observable. It is believed that this is a little too 
much for a fundamental theory of nature. The status of the lab oratory /collider experiments in particle 
physics can best be summarized as: they are in good agreement with the SM predictions but there 
is still room for New Physics (NP) at the TeV or higher scale. At present there seems to be a 3. la 
discrepancy in the measurement of the anomalous magnetic moment of the muon (((? — 2)^) [30]. 
There are some tension in the field of b-physics as well. There is a 2a discrepancy in the branching 
fraction of -D^ I'^v and a 2.5cr tension in the branching ratio of B'^ r^v. There are several 
other unexpected observations in b-physics that hint at the existence of NP at the TeV scale. In this 
regard the tension between the measured values of (sin2/3)^A's ^iid (sin 2/3),^/^^ , the large difference 
in the direct CP asymmetry Acp[B^ — )■ A'~7r°) and Acp[B^ — )• /i~7r+) etc are worth a mention. 
See [31] for a recent review of flavor physics. 

The first hint of beyond SM physics came from the observed neutrino oscillations in solar neutrinos. 
This implied a non-zero mass for the neutrinos. Although the original Glashow-Wienberg-Salam for- 
mulation did not provide for massive neutrinos, they are however easily incorporated by the addition 
of right-handed states vp (Dirac mass) or as higher-dimensional operators, perhaps generated by an 
underlying seesaw (Majorana mass). The successful explanation of light neutrino masses is consid- 
ered as a major outstanding issue with the SM. There are certain other severe deficiencies in the SM. 
Some of them are enumerated below. 

1. Cosmological consideration: The observed matter density of galaxies falls short of the mea- 
sured matter as measured by the rotation curves. It is theorized that the baryon matter density 
is ~ 4%. The rest of the universe is made up of ~ 24% dark matter and ~ 72% dark energy. 
In the last decade, the direct observation of gravitational lensing and observations in galactic 
collision [32] (in the 'Bullet' cluster) events have provided hard evidence for the existence of 
Dark Matter (DM). The WMAP probe has measured the dark matter density to be between 
(0.087 < ^DM^^ < 0.138) [33] at 3(7 range. SM neither provides any explanation for dark 
energy nor does it have a suitable dark matter candidate^. Similarly, the observed asymmetry 
between matter and anti-matter in the universe quantified by ?7 = ~ (6. l;;'^ ^) x 10~^°, can- 

not be explained within the framework of the SM. The minimum conditions needed to explain 
this asymmetry is enshrined in the Sakharov conditions, not fulfilled by the SM. For example, 
the baryon number (B), which should be broken to meet the Sakharov conditions, is an unbro- 
ken global symmetry of the SM. Further, the magnitude of the CP violation generated by the 
CKM picture in the SM is not sufficient to explain the baryon asymmetry in the universe. 

^Technically the QCD part of the SM Lagrangian can have certain fields called the Axions, theoretically to be con- 
sidered as a DM candidate. The simplest version of this theory has however failed to reconcile the observed dark matter 
density of the universe with these axion fields. 
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"^I'^^^i mass for the Gfitter complete fit, taking account of 

direct searches at LEP and the Tevatron. The solid 
Figure 1.7: Allowed Higgs mass as a function of (dashed) line gives the results when including (ig- 
top mass noring) theoretical errors. The minimum Ax^ of the 

fit including theoretical errors is used for both curves 
to obtain the offset-corrected Ax^ [21]. 



2. Gauge Hierarchy problem: Quantum theories involving interacting elementary scalar fields 
are not natural. This has to do with the fact that the mass of an elementary scalar field is not 
associated with any approximate symmetry. Let us consider a self-interacting theory of a real 
scalar field: 

scalar = 3 " T " 4! ^^"^^^ 

and consider that it is coupled to a fermion by the following relation. We can write the Yukawa 
interaction Lagrangian as 

£y = -/l/0/i/«+ h.c. (1.47) 

where fL,R are the left and right chiral projection of the fermion /. After spontaneous symmetry 
breaking, 

Cy = -^hhfR - ^^hfR + h.c. (1.48) 
The fermion mass is therefore given by m/ = hf^. 

At the classical level, the limit mass m — t- does lead to scale invariance; but at quantum 
level scale symmetry is broken. Thus smallness of the scalar mass can not be protected against 
perturbative quantum corrections. In fact such corrections appear with quadratic divergences. 
Let us compute the two-point function with the zero momentum Higgs as the two external lines 
and fermions inside the loop. The corresponding diagram is in Figure 1.9[a]. 
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Figure 1.9: One-loop quantum corrections to the Higgs mass, due to a Dirac fermion / [a], and scalars /l^r 



The correction Am\ is proportional to n{^(0). The first term in the RHS is quadratically 
divergent. The divergent correction to looks like 



Amlif) = ^^{-2h}) . (1-50) 



Another divergent piece will appear from quartic Higgs vertex (i.e., h"^). The corresponding 
diagram is similar to what is displayed in Figure 1.9[c], 

^<ih) = ^^iX). (1.51) 

We neglect the gauge boson contributions to the scalar self energy. Combining the above two 
divergent pieces, we obtain 

A' 



Ami = (-2^/ + ^) • (1-52) 



This illustrates the typical quantum correction to scalar fields generated at one loop, that is 
quadratically divergent. The scalar sector of the SM faces a similar predicament. In this regard 
let us note the following points: 

• In the SM, the fermion masses are protected by the inexact chiral symmetry and the 
gauge boson masses are protected by the remnant gauge symmetry after spontaneous elec- 
troweak symmetry breaking, whereas, the Higgs field masses remain unprotected and re- 
ceive quantum corrections that are quadratically dependent on the cut off. As discussed 
above, this is related to the inherent scale dependence of all fundamental scalar theories. 

• By itself, this is not a catastrophe, as one can envisage counter terms that will cancel such 
divergent quantum corrections. Unfortunately, the cut off of the SM is believed to be of 
the order of the Planck scale (Mpi ~ 10^^). Thus, to obtain a weak scale Higgs mass, 
one needs an unnatural cancellation between two uncorrelated numbers, i.e. the quantum 
correction and the counter term contribution. The situation gets uglier when it is noted 
that such cancellation has to take place order by order in the perturbation theory and there 
is no hope of convergence at any finite order. 

• It is also worthwhile to know that radiative corrections to the fermions or the gauge bosons 
are always proportional to their masses. Thus one cannot generate the masses of these 
fields purely from radiative contributions. This can be physically explained by noting that 
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there is a mismatch in the degrees of freedom of a massive and massless gauge boson 
or fermion. The situation is completely different for the case of the fundamental scalars. 
Here one can generate the masses radiatively even if at tree level they are massless, as can 
be seen in Eq. 1.52. This is related to the fact that the d.o.f. of a massive scalar field is 
identical to that of a massless scalar field. 

Thus we find the lack of symmetry protecting the Higgs mass and the large hierarchy between 
the weak scale and the Planck scale makes it difficult to explain light Higgs mass within the 
SM. This is known as the gauge hierarchy problem which is basically a naturalness issue with 
the SM. 

On the other hand, the other parameter of this theory, namely the coupling A is natural. 
This is so because, in the limit A — )■ 0, we have a free scalar theory, which indeed has higher 
symmetry. 

3. Gravity is not included: Gravity is not put on the same footing as other interactions in the 
SM. The vacuum energy (V) from electroweak symmetry breaking leads to an effective cos- 
mological constant: Assb = 87rG'7v(^) which is some 10^*^ times larger than the value of the 
cosmological constant, observed from the acceleration of the universe. Reconciliation with the 
observed value leads to extremely fine-tuned cancellation between the primordial value and the 
one generated dynamically by the electroweak symmetry breaking. There is no known accepted 
solution to the cosmological constant problem, but see [44] for an anthropically motivated fine- 
tuning associated with the string landscape. 

Other than these severe shortcomings there are certain other criticism related to the SM viz., (a) The 
strong CP problem: The strong CP problem [46] refers to the fact that one can add the P, T, and CP- 
violating term ■^^g'^FF to the QCD Lagrangian, where F^,,y = e^yaiiF""^ /2 is the dual field and 9 is 
an arbitrary dimensionless parameter. The experimental bound on the neutron electric dipole moment 
implies 6 < 10"^. One cannot simply set 6 to zero because weak interaction corrections shift 6 by 
^^Iwcak ~ 10~^, again requiring a fine-tuned cancellation between the tree and weak contributions. 

(b) The fermion mass hierarchy problem: Beyond the ordinarily observed matter content that can be 
constituted by the following fermions (z/g, e~, u, d), the first family laboratory studies have confirmed 
the existence of > 3 families: (i/^, c, s) and (i^^, t~, t, h) are heavier copies of the first family 
with no obvious explanation in the SM. The SM gives no prediction for the number of fermion gen- 
erations. Furthermore, there is no explanation or prediction of their masses, which are observed to 
have hierarchical pattern spanning over 6 orders of magnitude between the top quark and the electron. 
Even more mysterious are the neutrinos, which are lighter still by many orders of magnitude. And 

(c) The Gauge issue: The SM gauge group is complicated: it involves 3 distinct gauge couplings, of 
which only the electroweak part is parity-violating, and charge quantization (e.g., \qj\ = \qp\) is put 
in by hand (anomaly cancellation by itself is not sufficient to determine all of the hypercharge assign- 
ments). The issue of charge quantization is important because it facilitates the electrical neutrality of 
atoms {\qp\ = \qe\)- The complicated gauge structure suggests that there exists underlying unity in 
the interactions. This indicates the existence of superstring [35-37] or grand unified theory [38-42]. 
Charge quantization can also be explained in such classes of theories. Charge quantization may also 
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be explained, at least in part, by the existence of magnetic monopoles [43] or the absence of anoma- 
lies^ 

It is worthwhile to note that the complete experimental verification of the SM has to wait the discov- 
ery of the hitherto elusive Higgs boson. Non-observation of the Higgs fields at the LEP II directly 
excludes Higgs mass below 114.4 GeV, whereas the precision electroweak observables prefer a Higgs 
mass below ~ 160 GeV [29]. The major uncertainty in the electroweak fit of the Higgs mass comes 
from the uncertainty in the top quark mass. A plot of the values of the Higgs mass as a function of 
the top quark mass can be found in Figure 1.7. The Ax^ plot for the global fitting of the Higgs mass 
can be found in Figure 1.8. The LHC is expected to discover the Higgs field though accurate mea- 
surement of its mass has to wait for future experiments, certainly the proposed International Linear 
Collider (ILC) will be able to do a better job in this regard. 



1.2 Beyond the Standard Model 

The above criticism of the SM provides a strong motivation for advocating theoretical constructions 
that extends the SM and solves some of it shortcomings. Most of the Beyond the Standard Model 
(BSM) physics [47] have been constructed to solve the gauge hierarchy problem. The models that 
have been discussed in the literarture may be categorized as follows: 

1. Models with no fundamental scalars: Possibility to eliminate the elementary Higgs fields in 
favor of some dynamical symmetry breaking mechanism based on a new strong dynamics [48], 
e.g. technicolor, higher dimensional Higgs-less models. In technicolor, for example, the SSB is 
associated with the expectation value of a fermion bilinear, analogous to the breaking of chiral 
symmetry in QCD. Extended technicolor, top-color, and composite Higgs models all fall into 
this class. Higher dimensional Higgs less models [52]) use the boundary conditions in the extra 
dimensions to break the electroweak symmetry. 

2. Models that invoke symmetry to protect Higgs mass: e.g. supersymmetry, gauge-Higgs 
unified models, little Higgs. In supersymmetry [54], the quadratically-divergent contribu- 
tions of fermion and boson loops cancel, leaving only much smaller effects of the order of 
supersymmetry-breaking. There are also (non-supersymmetric) extended models in which the 
cancellations are between bosons or between fermions. This class includes Little Higgs mod- 
els [49, 50], in which the Higgs is forced to be lighter than new TeV scale dynamics because it 
is a pseudo-Goldstone boson of an approximate underlying global symmetry, and Twin-Higgs 
models [51]. 

3. Models that try to bridge the gap between the two scales of the Standard Model: 

e.g. ADD - large extra dimension, RS - warped extra dimension. In these models space-time 
geometry is used to relate Mpi and a much lower fundamental scale, by providing a cutoff at 
the inverse of the extra dimension scale. See [55, 56] for further details. 

''Anomaly cancellation is not sufficient to determine all of the hypercharge assignments without additional assump- 
tions, such as universality of families. 
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Figure 1.10: The running Gauge coupling unifica- 
tion within the framework of MSSM [59]. 
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Figure 1.11: The renormalization group running of 
soft parameters in mSUGRA. Negative in low 
energy triggers EWSB [54]. 



1.3 Super symmetry 



Let us tweak the analysis we did to reach Eq 1 .52. Consider that the scalar inside the loop in Figure 1 .9 
[c] is not but some different scalar field fi/ fn, where the coupling is ~ X(f)'^fl^^. Note that if there 

are two such scalars (/^ and fu), the Eq. 1.52 becomes, 



We find that the entire quadratic divergence piece in the quantum correction to the scalar mass van- 
ishes if, 

h} = A. (1.54) 

There are pairwise cancellations between fermionic contributions and the contributions from a pair 
of scalars. Apriori, such relations between the coupling of two fields are unnatural. Supersymmetry 
is a space-time symmetry which relates the bosonic degrees of freedom to the fermionic degrees of 
freedom [54, 57, 58], and thus can justify relations like the one expressed in Eq. 1 .54. 

Supersymmetry (SUSY) is the most popular extension of the SM because it provides a very aesthetic 
way to address the gauge hierarchy problem and ameliorate various other shortcomings of the SM. 
Owing to its overwhelming popularity in the parlays of particle physics, a brief discussion of SUSY 
is now in order. Some of the attractive features of the SUSY models are: 



1 . Supersymmetry solves the gauge hierarchy problem : As discussed, the quantum corrections 
to the Higgs mass from a bosonic loop and a fermionic loop have opposite signs. So if the 
couplings are identical and boson is mass degenerate with the fermion, the net contribution 
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would cancel! Supersymmetry fits this bill very well, as for every particle, supersymmetry 
provides a mass degenerate^ partner differing by spin ^ and having identical couplings. 

2. Supersymmetry leads to unification of gauge couplings: In the SM, when the gauge cou- 
plings are extrapolated to high scale from their measured values at the weak scale, they come 
close to each other but do not meet at a single point. In supersymmetry, the running gauge cou- 
plings do meet at a point*^ [59], at the scale Mqut ~ 2 x 10^^ GeV, provided the superparticles 
weigh around 1 TeV, see Figure 1.10. 

3. Supersymmetry triggers EWSB: To drive spontaneous symmetry breaking in SM, one re- 
quires to set the scalar mass in the Lagrangian, to a negative value by hand. In SUSY theories, 
the square of one of the Higgs mass m'jj^, can be made negative by radiative correction. In the 
Minimal Supersymmetric Standards Model (MSSM) that we shall discuss later, one can start 
with a positive value of the Higgs mass at the gauge coupling unification (Mqut) scale. The 
running of the parameters drives the mj^^ to a negative value at the weak scale driving elec- 
troweak symmetry breaking, see Figure 1.11. In MSSM it is the heavy top quark contribution 
to the radiative correction that induces the sign flip. 

4. Supersymmetry provides a cold dark matter candidate: Supersymmetry with conserved im- 
parity can provide a dark matter candidate. The lightest supersymmetric particle (LSP) cannot 
decay due to the i?-parity that forbids vertices with odd number of super-partners of the SM 
fields. Thus the LSP is a stable particle and a viable cold dark matter candidate. 

5. Supersymmetry provides a framework to turn on gravity: As discussed earlier, SM do not 
provide a framework to unify gravity with the other particle interactions. But SUSY does better 
in this regard. Space-time transformations are naturally included in the SUSY transformations. 
Local supersymmetry leads to supergravity that gives a gateway to include gravity in a quantum 
field theoretic famework. Most string models invariably include supersymmetry as an integral 
part. 

1.3.1 SUSY algebra 

Supersymmetry is a general space-time symmetry that is allowed by the Poincare algebra. Unlike the 
Lorentz transformations supersummetric transformations are mediated by fermionic charges. A su- 
persymmetry transformation turns a bosonic state into a fermionic state, and vice versa. The operator 
Q that generates such transformations must be an anti-commuting spinor, generating the following 
transformations, 

Q I Boson) = |Fermion), Q|Fermion) = | Boson). (1.55) 

'The non observation of the SUSY partners necessitates the breaking of SUSY in the real world, as we will see later. 
But if the breaking occurs through 'soft' terms, i.e., in masses and not in couplings, the condition for cancellation of 
quadratic divergence given in Eq. 1.54 still remains valid. The residual divergence is logarithmically sensitive to the 
supersymmetry breaking scale. 

^This provides motivation for construction of supersymmetric grand unified theories that can unify the electroweak 
interactions into a single gauge group. In many of these models the leptons and quarks are incorporated into a single 
representation of the gauge group. 
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Spinors are intrinsically complex objects, so (the hermitian conjugate of Q) is also a symmetry 
generator. Note that in general there can be arbitrary number of such generator pairs (Qj&Qj) that 
can simultaneously generate SUSY transformations. The number of such generators are going to be 
represented by N. Increase in generally results in more symmetric and therefore more constrained 
theories. In this chapter we will stick to the = 1 version of the theory. The possible forms for 
such symmetries in a quantum field theory are highly restricted by the no go theorem put forward by 
Haag-Lopuszanski-Sohnius, which is basically an extension of the Coleman-Mandula theorem [60]. 
The basic result of this theorem is, that space-time symmetry transformations by generators of spin 
greater than 1 is prohibited. 

Generic supersymmetric charges satisfy the algebra of anti -commutation and commutation relations 
with the schematic form 



where is the four-momentum generator of space-time translations. Here we have suppressed the 
spinorial index. Note that the appearance of on the right-hand side of Eq. 1 .56 is understandable, 
since it transforms under Lorentz boosts and rotations as a spin-1 object while Q and on the 
left-hand side, each transforms as a spin- 1/2 object. This natural appearance of the generator for 
space-time translation provides a handle to incorporate gravity in SUSY theories. 

The single-particle states of a supersymmetric theory fall into irreducible representations of the super- 
symmetry algebra, called supermultiplets . Each supermultiplet contains both fermionic and bosonic 
states, which are called superpartners of each other. If \Vl) and \Vl') are members of the same su- 
permultiplet, then the \Q!) can be obtained by operating some combination of Q and operators on 
1^2), up to a space-time translation or rotation. The squared mass operator — commutes with the 
operators Q, Q\ and with all space-time rotation and translation operators. It follows immediately 
that members of the same supermultiplet will have equal mass eigenvalues i.e they will be mass de- 
generate. The supersymmetry generators Q, also commute with all internal symmetry generators 
in general and the generators of gauge transformations in particular. Therefore particles in the same 
supermultiplet must also be in the same representation of the gauge group, i.e. same electric charges, 
weak isospin, color degrees of freedom etc. 

Each supermultiplet contains an equal number of fermionic and bosonic degrees of freedom. This 
can be demonstrated easily. Consider the operator (— l)^** where s is the spin angular momentum. By 
the spin-statistics theorem, this operator has eigenvalue +1 acting on a bosonic state and eigenvalue 
— 1 acting on a fermionic state. Any fermionic operator will turn a bosonic state into a fermionic state 
and so on. Therefore (—1)^'^ must anti-commute with every fermionic operator in the theory, and in 
particular with Q and Q^. Now, within a given supermultiplet, consider the subspace of states \i) with 
the same eigenvalue of the four-momentum operator P^. In view of Eq. 1 .58, any combination of 
Q or acting on \i) must give another state with the same four-momentum eigenvalue. Therefore 
one has a completeness relation X]j (^1 = 1 within this subspace of states. Now one can take a trace 



{Q,Q^} 
[P'. Q] 



[P^Qt]=o, 



(1.56) 
(1.57) 
(1.58) 
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over all such states of the operator (— 1) 


|2spM (including each spin helicity state separately) 


i i 


(-lf^QQ^^) + J2{^\(-lf^Q^Q\^) 

i 






i 


{ — 1} (^f^ \l) + 2_^{^J\(^{ — 1} \J) 

3 


i 


(-lf^QQ^^)-J2{J\{-lf^QQ^J) 

3 


= 0. 





(1.59) 



The first equality follows from the supersymmetry algebra relation Eq. 1 .56; the second and third from 
use of the completeness relation; and the fourth from the fact that (—1)^* must anti-commute with 
Q. Now — l)^'^P''|z) = Tr[(— 1)^'^] is just proportional to the number of bosonic degrees of 

freedom ub minus the number of fermionic degrees of freedom n^? in the trace, so that 

ub = np (1.60) 

must hold for a given p'* 7^ in each supermultiplet. 

The simplest possibility for a supermultiplet consistent with Eq. 1.60 has a single Weyl fermion 
(with two spin helicity states, so np = 2) and two real scalars (each with ub = 1). It is natural to 
assemble the two real scalar degrees of freedom into a complex scalar field. This combination of a 
two-component Weyl fermion and a complex scalar field is called a chiral supermultiplet. 

Another possibility for a supermultiplet contains a spin-1 vector boson. If the theory is to be renor- 
malizable, this must be a gauge boson that is massless, at least before the gauge symmetry is sponta- 
neously broken. A massless spin-1 boson has two helicity states, so the number of bosonic degrees of 
freedom is ub = 2. Its superpartner is therefore a massless spin- 1/2 Weyl fermion, again with two he- 
licity states, so = 2. Gauge bosons transform in the adjoint representation of the gauge group, so 
their fermionic superpartners, called gauginos, must also follow suit. Since the adjoint representation 
of a gauge group is self conjugate, the gaugino fermions must have the same gauge transformation 
properties for left-handed and for right-handed components. Such a combination of spin- 1/2 gauginos 
and spin-1 gauge bosons is called a vector supermultiplet. 

1.3.2 The generic SUSY Lagrangian 

Before zooming into the supersymmetric extension of the standard model we review the generic 
features of a SUSY Lagrangian. 

Consider a massless and therefore two-component Weyl fermion, tp whose superpartner is a complex 
scalar (p. Both have two real degrees of freedom. However in the off-shell condition, the fermion is 
a four-component field with four degrees of freedom, and we want supersymmetry to hold for the 
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full field theory. So we introduce an additional complex scalar F to match the off-shell degrees of 
freedom. F is called an auxiliary field and has no physical particle interpretation. A complete chiral 
superfield will thus contain the fields {ijj, cj), F). The Lagrangian can be written as 



-C,h^ral = 5^(9^0*9^0. + ^.t'^^^V^, + F* F,) . (1.61) 

i 

The sum is over all chiral supermultiplets in the theory. Note that the dimensions of F are [F] = rn?. 
The Euler-Lagrange equations of motion for F are F = F* = 0, signifying the fact that they are 
not physical fields. The supersymmetry transformations defined above are so that Cchirai is invariant. 
Next we write the most general set of renormalizable interactions, 

C-int = -\w'^ilJiiljj + WFi + c.c. (1.62) 

where W'-' and W are functions of only the scalar fields (i.e. 0j's in our context), and W'^ is sym- 
metric. If they depend on the fermion or auxiliary fields the associated terms would have dimension 
greater than four, and therefore would become non-renormalizable. 

The SUSY transformations mix fermions and bosons, — )■ + eil), 4' ^ 4' + Here e must be a 
spinor so each term behaves the same way in spin space, and we can take e to be a constant spinor in 
space-time, and infinitesimal, which corresponds to a global SUSY transformation. Then the variation 
of the Lagrangian (which must vanish or change only by a total derivative if the theory is invariant 
under the supersymmetry transformation) contains two terms with four spinors: 

1 6W^^ 1 6W^^ t 

6Cint = -^^—{ei^k)^i^j - T^^jri^^D^i^j + c-c- (1-63) 
2 d(pk 2 d(p^. 



Neither term can cancel against some other term. For the first term there is a Fierz identity 
{e'ipi){ipj'ipk) + {e'ipj){ipkipi) + {eipk){ipiipj) = 0, so if and only if 6W^^ /6(f)k is totally symmetric 
under interchange of i, j and k, the first term vanishes identically. For the second term, the presence 
of the hermitian conjugation allows no similar identity, so it must vanish explicitly, which implies 
SW^^ /6(f)l = 0,and thus W^^ cannot depend on 0*! W^^ must be an analytic function of the complex 
field 0. Therefore we can write 

where M*^ is a symmetric matrix that will be the fermion mass matrix, and y*-^'^ can be called general 
SUSY version of the SM Yukawa couplings. Then it is very convenient to define 



Wsuper = \M'^<P4j + ^Z/*^V*0,0A: (1-65) 

and W^^ = S^Wj 6(f)i6(f)j . Wguper is the superpotential, an analytic function of 0, and a central function 
of the formulation of the theory. W is by construction, gauge invariant and Lorentz invariant, and an 
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analytic function of (i.e. it cannot depend explicitly on 0*), so it is highly constrained^. It determines 
the most general non-gauge interactions of the chiral superfields. 

A similar argument for the parts of 5Cint which contains a spacetime derivative implies that W is 
determined in terms of W as well, 

W' = — = M^^<p, + -y'^%<P,. (1.66) 

Because of the interaction terms, the equations of motion for F becomes non-trivial, and are now 
modified to, 

F^ = -W*. (1.67) 
The potential for the scalar fields of the theory is now given by, 

V = Y,\F^f■ (1-68) 

i 

This part of the scalar potential is called the "F-term" contribution, and is automatically bounded from 
below, an important feature of SUSY theories. 

Now consider massless gauge bosons, like photons, A", with gauge index a, and two degrees of 
freedom. Their superpartners are two-component spinors A". As stated earlier, the off shell fermion 
has four degrees of freedom, while the an off shell boson has three, the two transverse polarizations 
and a longitudinal polarization. So again it is necessary to add an auxiliary field, a real one since only 
one degree of freedom is needed, called D"^. Then the complete Lagrangian has additional pieces 

C„ = -\F^uFr - ^AV^m^° + ^D-D'^, (1.69) 

where, as usual, 

F;, = d,A: - d^Al - gr^^A^Al, (1.70) 

and the covariant derivative is 

D^A- = 9^A« - ^?r^^4A^ (1.71) 

It is crucial for gauge invariance that the same coupling g appears in the definition of the tensor F^^, 
and in the covariant derivative. 

If we couple the chiral superfield with the vector superfields we must replace all the derivatives in 
Eq. 1.61 by the corresponding covariant derivatives. There are additional gauge invariant term to be 
added to the Lagrangian beyond the ones discussed above given by,(0*T'^0j)D" and A^'^(?/;^T'^0), 
and its conjugate, with an arbitrary dimensionless coefficient. Requiring the entire Lagrangian to be 

''For unbroken supersymmetry there is a very important result, called the non-renormalization theorem. In gist, the 
result implies that superfields can only get a wave function renormalization in iV = 1 SUSY, so they have the familiar log 
renormalization group running of couplings and masses. Consequently the parameters of the superpotential W are not 
renormalized, in any order of perturbation theory. In particular, terms that were allowed in W by gauge invariance and 
Lorentz invariance are not generated by quantum corrections if they are not present at tree level. 
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Names 


spin 


spin 1/2 


5f/(3)c, SU{2)l. U{1)y 


squarks, quarks 


Q 

u 

d 


(ul dA 


(ul dA 


(3, 2 i) 
(3, 1, -|) 
(3, 1, \) 


sleptons, leptons 


L 




{v ei) 


(1, 2, -\) 




e 


R 


H 


( 1> 1, 1) 


Higgs, Higgsinos 


Hi 


{Ht Hi) 


(Ht Hi) 


(1> 2, +i) 




H2 


(Hi H^) 


{Hi H^) 


(1, 2, -i) 






spin 1/2 


spin 1 




gluino, gluon 




9 


9 


(8,1,0) 


winos, W-bosons 








(1,3,0) 


bino, B-boson 






50 


(1,1,0) 



Table 1.1: Supersymmetric partners with the Standard Model members 

invariant under supersymmetry transformations determines the arbitrary coefficient and gives the final 
a resulting Lagrangian 

L = C„ + C:Zai + 9a{<P*T^<P)D^ - V2g,[{<P*T^m^ + X^^{i;^T^<p)] (1.72) 

where all derivatives in earlier forms are replaced by covariant ones. Note that the requirement of 
supersymmetry requires that the couplings in the last two terms be gauge couplings, even though they 
are not normal gauge interactions ! The chiral part of the Lagrangian Cchirai can be explicitly written 
as, 

+ {]^M,j^iijj + + c.c.) + F*Fi. (1.73) 

The equations of motion for give = —g{(j)*T^(l)), so the expanded scalar potential is now given 
by 

V = F*^F, + 1^2^'^^'^ = \9W/d<p,\' + ^J29li<l>*Ty)\ (1.74) 

a a 

the sum is over a = 1, 2, 3 for the three gauge couplings. The two terms are called F -terms and 
D-terms. Note that even now the scalar potential is bounded from below 

1.3.3 The Minimal Supersymmetric Standard Model 

The MSSM is the minimal SUSY extension of the SM. The field content includes the SM particles 
and their superpartners as can be seen in Table 1.1. All of the quarks and leptons are put in chiral 

'°On one hand this is good since unbounded potentials are a problem, but it also implies that the Higgs mechanism 
cannot happen for unbroken supersymmetry since the potential will be minimized at the origin. 
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superfields with their superpartners (squarks and sleptons respectively). In Table 1.1 all superpartners 
are denoted with a tilde, and there is a superpartner for each chiral state of each SM fermion. This 
enables us to treat fermions of different chirality differently. The gauge bosons are put in vector 
superfields with their fermionic superpartners (the gauginos). Since W is analytic in the scalar fields, 
we cannot include the complex conjugate of the scalar field as in the SM to give mass to the down 
quarks, so there must be a minimum of two Higgs doublets in supersymmetric theories, and each 
has its own superpartner (the Higgsinos). The requirement that the trace anomalies vanish so that the 
theories stay renormalizable, TR{Y^) = TR(T^jY) = 0, also implies the existence of even number 
of Higgs doublets. 

The Kinetic terms of these fields are direct generalization of Eq. 1.72. What remains to be specified 
is the superpotential. This is given by, 

W = uY^QHu - dY^QHa - eY.LH^ + fiH^H^. (1.75) 

All the fields are chiral superfields. The bars over u, d, e are in the sense, that right chiral fields 
are written as left conjugates and has nothing to do with non-analyticity. The sign convention is 
designed to generate positive masses. The generational and fermionic indices have been suppressed. 
For example the fourth term with the fermionic index would read like Uai{Yu)ijQ"ja{Hu) pSap 

The Yukawa couplings Yu etc. are dimensionless 3x3 family matrices that determine the masses of 
quarks and leptons, and the angles and phase of the CKM matrix after and get vevs. They also 
contribute to the squark-quark-Higgsino couplings etc. This is the most general superpotential for the 
MSSM if we assume baryon and lepton number are conserved. 

R parity:Within the SM, B and L are accidental global symmetries of the Lagrangian. Thus B and 
L violating interactions are absent. These additional terms could be incorporated in W keeping it ana- 
lytic, gauge invariant, and Lorentz invariant, but violating baryon and/or lepton number conservation. 
These terms are, 

Wr = XijkLiLjek + X'ijkLiQjdk + X'-jkUidjdk + fi'^LiHu- (1-V6) 

The couplings A, A', A" are matrices in the family space. Combination of the second and third terms in 
Eq 1.76 lead to rapid proton decay. This requires extreme suppression of either or both terms which 
again brings in the naturalness problem into the theory. Rather, B and L conservation consistent with 
observation should arise naturally from the symmetries of the theory. This is dealt with by imposing 
a symmetry like the R-parity or a variant called the matter parity, on the Lagrangian. The R parity is 
defined as, 

i? = (-l)3(^-^)+25 (177) 

where S is the spin. Then SM particles and Higgs fields are even, superpartners odd. This is a discrete 
Z2 symmetry. Equivalently, one can use "matter parity", 

P^ = (-l)3(^-^). (1.78) 

It is now conjectured that a term in W is only allowed if Pm = +1. Gauge fields and Higgs are 
assigned Pm = +1, and quark and lepton supermultiplets Pm = — 1- Pm commutes with supersym- 
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metry and forbids Wr. Matter parity could be an exact symmetry, and such symmetries do arise in 
string theory. If R-parity or matter parity holds '\ there are major phenomenological consequences, 

• At colliders, or in loops, superpartners are produced in pairs. 

• Each superpartner decays into one other superpartner (or an odd number). 

• The lightest superpartner (LSP) is stable. That determines supersymmetry collider signatures, 
and makes the LSP a good candidate for the cold dark matter of the universe. 

The Soft breaking of MSSM: Unfortunately the simple SUSY extension of the standard model do 
not work. Supersymmetry predicts mass degenerate superpartners of the SM fields, the failure to 
observe these in experiments spells the doom for exact super symmetric theory. The alternative is to 
break supersymmetry in a way that will predict a mass difference between the SM particles and their 
superpartners but will preserve the correlation in their coupling that is crucial for cancellation of the 
quadratically divergent quantum correction to the scalar masses. This is known as soft supersymmetry 
breaking. 

Supersymmetry breaking can be driven spontaneously. To see this let us write down the general SUSY 
Hamiltonian using Eq. 1.56-1.58, 

H = P^ = \{QiQ\ + Q\Qi + Q2Q\ + Q\Q2)- (1.79) 

The vacuum not respecting supersymmetry translates into the conditions: Q|0) 7^ and Q^jO) 7^ 0. 
When these conditions are imposed on Eq. 1.79 we find that it implies: (0|i/|0) > 0. In most general 
cases (0|-ff |0) = (0|P^|0). Referring to the definition of the potential V given in Eq. 1.74, the condi- 
tion for spontaneous supersymmetry breaking can be realized if either of the auxiliary fields (ForD) 
develop a non-zero vev. This simple picture of spontaneous breaking of supersymmetry cannot be im- 
plimented in the MSSM with the field content defined in Table 1.1. Further, spontaneous symmetry 
breaking generally implies certain mass sum rules that put all spontaneously broken supersymmetric 
extension of the SM at variance with experimental observations. 

Though it is conjectured that supersymmetry is broken spontaneously, possibly in some hidden sector, 
the pragmatic approach is to parametrize this ignorance into certain phenomenological parameters. 
This constitutes the soft breaking Lagrangian of the theory. For the MSSM we have, 

-Csoft = \{Mfg~g + M2WW + M^BB + c.c.) 

+Q'^m'^Q + um\u + d m'^d + L^rnj^L + ^m?e 

"R parity violating theories lead to phenomenologically rich scenarios. However these models will not be explored 
further in this thesis. For a review see [53]. 

'^For D fields to develop a vev, it requires to be the auxiliary field corresponding to an abelian gauge group. The 
only abelian gauge group in MSSM corresponds to electromagnetism, association of the corresponding D fields with the 
required vev would necessarily lead to breaking of electromagnetism that is phenomenologically unacceptable. Similarly 
for an F term to develop a vev one needs it to be the auxiliary field of a gauge singlet chiral superfield. Non-existence of 
such gauge singlet chiral superfields makes this mechanism inviable in the context of the MSSM. 
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Names 


Spin 


Pr 


Gauge Eigenstates 


Mass Eigenstates 


Higgs bosons 





+1 


i/o iJ+ H, 


/^u ^0 ^0 ^± 


SQuarks 





-1 


Ul Ur di dR 
St S d Cr Co 

tr br bj} 


(same) 
( same) 

tl to 61 bo 


sleptons 





-1 


ex Cr Vf. 
V-L V-R 
Tl Tr Dr 


(same) 
(same) 

Tl T2 


neutralinos 


1/2 


-1 


50 p^O ^0 ^0 


Ni N2 N3 N4 


charginos 


1/2 


-1 


H~ 


cf ct 


gluino 


1/2 


-1 


9 


(same) 


goldstino 
(gravitino) 


1/2 
(3/2) 


-1 


G 


(same) 



Table 1 .2: The sparticles of the MSSM (sfemiion mixing for the first two generation assumed to be negligible). 



+{uauQHu - dadQHd - ea^LRd + c.c.) 

+ml^HlHu + ml^Hf + {bHuH^ + c.c). (1.80) 

For clarity, a number of the indices are suppressed. Mi 2,3 are the complex gaugino masses, e.g. 
M3 = IM3I e*"^-^, etc. In the second line m^, etc, are squark and slepton hermitian 3x3 mass matrices 
in family space. The a„ ^ g are complex 3x3 family matrices, usually called trilinear couplings. Ad- 
ditional parameters come from ^^ff = /ie*'^'' ; we will usually denote the magnitude of /ie// as just /i. 
It is worthwhile to note that most of the parameters of the MSSM (> 100) actually come from this 
part of the Lagrangian. 

Physical states In the MSSM there are 32 distinct masses corresponding to undiscovered particles. 
Assuming only that the mixing of first- and second-family squarks and sleptons is negligible, the mass 
eigenstates of the MSSM are listed in Table 1.2 A complete set of Feynman rules for the interactions 
of these particles with each other and with the Standard Model quarks, leptons, and gauge bosons can 
be found in Ref. [54]. 

Electroweak symmetry breaking: The MSSM has two Higgs doublets and the combined potential 
term for them has three contributions, 

V = \^ieffH\Hu\^ + \Hd\^) F*F (1.81) 

+ ligl + gimS - \Hdf? D*D 

+ m^^ \Huf + "'^"hj l^df — ipHuHd + c.c). soft breaking terms 

In order for the potential to be bounded from below, we need the quadratic part of the scalar potential 
to be positive along the D-flat directions. This requirement amounts to 

2b < 2\^\^ + m]j^ + m]j^. (1.82) 
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Now driving electroweak symmetry breaking requires one linear combination of and to have 
a negative squared mass near = = 0, so that a symmetry breaking vev in generated. This 
condition translates to, 

b'>i\fif + mlji\f^f + mlj. (1.83) 
We write the vev's as {Hu,d) =yu,d- Requiring the Z mass be reconstructed at the weak scale, we get. 



Vu + = = ~ (174GeV)2 (1.84) 



2Ml 

and it is convenient to introduce 

tan/3 = Vu/vd. (1.85) 

Then v„ =vsin/3, v^ =vcos/3, and with our conventions < /3 < 7r/2. With these definitions the 
minimization conditions can be written, 

\fif + Mjj^ = 6tan/3 - ^M|cos2/3 (1.86) 

\^f + M]j = 6cot/3 + -M|cos2/3. 
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These satisfy the EWSB conditions. 



Higgs mass: As mentioned earlier Higgs scalar fields in the MSSM consist of two complex SU (2)^- 
doublet, or eight real, scalar degrees of freedom. When the electroweak symmetry is broken, three of 
them, the would-be Nambu-Goldstone bosons G*^, G^, become the longitudinal modes of the massive 
Z° and W^. The remaining five Higgs scalar mass eigenstates consist of two CP-even neutral scalars 
h and H, one CP-odd neutral scalar and a charge +1 scalar and its conjugate charge —1 scalar 
. (Here we define = G^* and H~ = H^*. Also, by convention, h is lighter than H.) 



The resulting tree level masses are 



m 



^2 _|_ j\/r2 1 

= ^ T^A/(mi + M|)2-4miM|cos^2/3, (1.87) 



where, 
m\ = 26/ sin 2/3, 

and (1.88) 

A little bit of algebra shows that the lightest Higgs mass has an theoretic upper limit given by, 

mt^^ <\cos2^\Mz. (1.89) 



However, the tree-level formula for the squared mass of h is subject to quantum corrections that are 
relatively drastic. The largest such contributions typically come from top and stop loops. The one 
loop radiative correction is approximately given by, 

3 

^{^D ~ -T^ cos^a Vt^^t In {mj^rrijjmf) . (1.90) 
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Figure 1.12: The LEP exclusion limit on the lightest CP even neutral Higgs boson. 



Including these and other important corrections, upper bound on the Higgs mass given by, 

m/,<135GeV (1.91) 

in the MSSM. This assumes that all the sparticle masses are below 1 TeV. However by adding extra 
supermultiplets to the MSSM, this bound can be stretched. Assuming that none of the MSSM sparti- 
cles have masses exceeding 1 TeV and that all of the couplings in the theory remain perturbative up 
to the unification scale, one still has, Ref. [61] 

m;,<150GeV. (1.92) 



1.3.4 The experimental status of the MSSM 

Notwithstanding the theoretic soundness and the phenomenological advantages, discovery of super- 
symmetry has not yet been made, after decades of experimentations. No superpartners have yet been 
discovered at collider experiments. The general limits from direct experiments that could produce 
superpartners are not even very strong. They are also all model dependent, with varying significance. 
Limits from LEP on charged superpartners are near the kinematic limits except for models having 
near degeneracy of the charged sparticle and the LSP, in which case the decay products are very soft 
and hard to observe, giving weaker limits. So in most cases charginos and charged sleptons have 
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limits of about 94 GeV. Gluinos and squarks have typical limits of about 308 GeV and 379 GeV re- 
spectively, except that if one or two squarks are lighter the limits on them are much weaker. For stops 
and sbottoms the limits are about 85 GeV. 

There are no clear limits on neutralinos at the LEP. This is so because one can easily construct mod- 
els where production of LSP's are unobservable at the LEP. There are no general relations between 
neutralino masses and chargino or gluino masses, so limits on the latter do not imply limits on neu- 
tralinos. In typical models the limits are M^sp ^ 46 GeV, M^^ > 62 A GeV Superpartners get mass 
from both the Higgs mechanism and from supersymmetry breaking, so one would expect them to 
typically be heavier than SM particles. 

The direct searches have also put constraints on the Higgs mass. The combined constraint on the 
lightest CP even neutral Higgs field is shown in Figure 1.12. 

Theoretically if MSSM explains electroweak symmetry breaking then one needs to reproduce Z mass 
in terms of soft-breaking masses, given by the relation. 



so if the soft-breaking masses are too large, it would lead to large finetuning. The parameters that 
are most sensitive to this issue are M3 (basically the gluino mass) and /i which strongly affects the 
chargino and neutralino masses. Qualitatively one therefore expects rather light gluino, chargino, and 
neutralino masses. Argument in this direction leads to the following upper mass limits: Mg < 500 
GeV; M^^, < 250 GeV; and M^^ < 100 GeV. These are upper limits, seldom saturated in 
models. There are no associated limits on sfermions. 

It is however expected that the LHC will finally sit on judgment for the existence of the MSSM [62]. 
At the LHC, production of gluinos and squarks by gluon-gluon and gluon-quark fusion usually dom- 
inate, unless the gluinos and squarks are heavier than 1 TeV or so. One can also have associated 
production of a chargino or neutralino together with a squark or gluino. Slepton pair production 
might be observable at the LHC [63] . Cross-sections for sparticle production at hadron colliders can 
be found in Refs. [64]. 

The decays of the produced sparticles result in final states with two neutralino LSPs, which escape 
the detector. The LSPs carry away at least 2m^^ of missing energy, but at hadron colliders only 
the component of the missing energy that is manifest in momenta transverse to the colliding beams 
(denoted by (Ij^) is observable. So, in general the observable signals for supersymmetry at hadron 
colliders are n leptons -1- m jets -1- There are important Standard Model backgrounds to many 
of these signals, especially from processes involving production of W and Z bosons that decay to 
neutrinos, which provide the -^y. One must choose the (ij- cut high enough to reduce backgrounds 
from detector mismeasurements of jet energies. The jets+_^2" signature is one of the main signals 
currently being searched at LHC. 
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1.4 Conclusion and Outlook 



The Standard Model (SM) of elementary particle physics provides a correct description of virtually all 
known microphysical nongravitational phenomena. However, there are a number of theoretical and 
phenomenological issues that the SM fails to address adequately: the gauge hierarchy problem, trig- 
gering electroweak symmetry breaking, gauge coupling unification, explanation of family structure 
and fermion masses, cosmological challenges including the issue of dark matter etc. 

All these indicate the existence of new physics at around the 1 TeV mark, which can be probed 
by collider experiments and astrophysical observations. Low energy supersymmetry (SUSY) and 
compactified extra dimensions (EDs) provide theoretically sound and phenomenologically exciting 
frameworks to extend the SM and strengthen its foundations. 

Supersymmetry, which is included in the most general set of symmetries of local relativistic field the- 
ories, has the virtue of solving the gauge hierarchy problem and is a popular choice of physics beyond 
the standard model. In the simplest supersymmetric world (N = 1), each particle has a superpart- 
ner which differs in spin by 1/2, and is related to the original particle by SUSY transformations, as 
discussed above. Since SUSY relates the scalar and fermionic sectors, the chiral symmetries which 
protect the masses of the fermions, also protect the masses of the scalars from quadratic divergences, 
leading to an elegant resolution of the hierarchy problem. We saw that apart from this, SUSY leads 
to unification of gauge couplings, triggers electroweak symmetry breaking radiatively, provides cold 
dark matter candidate and provides a framework to turn on gravity. 

On the other hand, theories with extra dimensions'^ have recently attracted enormous attention. The 
study of TeV scale extra dimensions that has taken place over the past few years has its origin in the 
ground breaking work of Arkani-Hamed, Dimopoulos and Dvali (ADD) [55]. Since that time, the 
extra dimensions have evolved from a single idea to a new paradigm of employing EDs as a tool to 
address a large number of outstanding issues that remain unanswerable in SM context. This in turn 
leads to phenomenological implications that can be tested at colliders and elsewhere. Various vari- 
ants of EDs have been used in addressing various issues including hierarchy problem, electroweak 
symmetry breaking without Higgs boson, the generation of ordinary fermion and neutrino mass hi- 
erarchy, the CKM matrix, new sources of CP violation, grand unification while suppressing proton 
decay, new dark matter candidates, new cosmological perspectives, black hole productions at future 
colliders as a window on quantum gravity, novel mechanisms of SUSY breaking etc. Technical details 
of extra-dimensional theories will be given in Chapter 2. 

For some time now, it is believed that string theory is a realistic attempt to provide an unified quantum 
picture of all known interactions in physics. Consistent string theories indicate the existence of super- 
symmetry and compactified extra dimensions in their low energy phenomenology. Though a rigorous 
connection between string theory and low energy phenomenological models with extra dimensions 
has not yet been possible, it provides enough motivation to study higher dimensional supersymmetric 
theories. From a purely phenomenological point of view, such higher dimensional supersymmetric 
theories have various virtues to their credit, including the explanation of fermion mass hierarchy from 

'^All extra dimensions are considered to be spatial in nature as time like EDs lead to tachyonic fields that violate 
causality. 
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a different angle, providing a cosmologically viable dark matter candidate, interpretation of the Higgs 
as a quark composite leading to a successful electroweak symmetry breaking without the necessity of 
a fundamental Yukawa interaction, and lowering the unification scale down to a few TeV. Supersym- 
metrization provides a natural mechanism to stabilize the Higgs mass in extra dimensional scenarios. 
It is also worthwhile to note that all supersymmetric models in four dimensions necessarily introduce 
the paradigm of further new physics that controls SUSY breaking in this class of models. Embedding 
supersymmetric models in extra dimension provides various avenues to realize soft breaking of su- 
persymmetry. The rest of this thesis will focus on the phenomenology of extra dimensions and their 
interface with supersymmetry. 
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Chapter 2 

Probing Warped Extra dimension at the LHC 



2.1 Extra dimensions 

It is generally believed that some form of New Physics (NP) must exist beyond the Standard Model 
(SM) to explain its deficiencies. Though there are many candidates for NP, as discussed in Section 1 .2, 
it will be up to experiments at future colliders, the Large Hadron Collider (LHC) and the proposed 
International Linear Collider (ILC), to reveal its true nature. 

One possibility is that extra spatial dimensions will begin to show themselves at or near the TeV scale. 
The discovery of extra dimensions (ED) would produce a fundamental change in how we view the 
universe. The study of the physics of TeV-scale EDs that has taken place over the past few years has 
its origins in the ground breaking work of Arkani-Hamed, Dimopoulos and Dvali (ADD) [55]. Since 
that time EDs has evolved from a single idea to a new paradigm with various applications. Extra 
dimensions have been used as a tool to address the large number of outstanding issues that remain 
unanswerable in the SM context. This in turn has lead to other phenomenological implications which 
should be testable at colliders and elsewhere. A tentative list of some of these applications includes, 

1 . Addressing the hierarchy problem [55, 56] . 

2. Triggering electroweak symmetry breaking without a Higgs boson [65]. 

3. The generation of the ordinary fermion and neutrino mass hierarchy, the CKM matrix and new 
sources of CP violation [66] . 

4. TeV scale grand unification or unification without SUSY while suppressing proton decay [67]. 

5. New Dark Matter candidates and a new cosmological perspective [68, 69]. 

6. Black hole production at future colliders as a window on quantum gravity [70]. 

An amplified discussion of all these issues is beyond the scope of the present thesis. However it is 
clear from this list that EDs have found their way into essentially every area of interest in high energy 
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physics providing strong motivation for exploring the phenomenology of ED in present and future 
colliders. 

The spatial Vs temporal EDs: Consider a massless particle moving in 5d 'Cartesian' co-ordinates 
and assume that 5d Lorentz invariance holds. Then the square of the 5d momentum for this particle 
is given by = = QmnP^^P^ = —Po+v'^ ± pI where qmn = diag{—l, 1, 1, 1, ±1) is the 5d 
metric tensor. As usual po is the particle energy, p^ is the square of the particle 3-momentum and 
is its momentum along the 5th dimension. A positive sign before the fifth component of the metric 
represents a space like extra dimension whereas a negative fifth component corresponds to a time like 
extra dimension. The right hand side of the equality is zero because of the the assumption of zero 
mass in 5d. We can re-write the equation above in a more traditional form as — Po+P^ = Pt^P^ = TpI 
and we recall, for particles which satisfy 4d Lorentz invariance, that Pf^p^ = —m?, which is just the 
square of the particle mass (note fi runs from to 3 where as M, runs from to 4). Notice, that if 
we choose a time-like extra dimension, the sign of the square of the mass of the particle will appear 
to be negative, i.e., the particle is a tachyon. Tachyons are well known to cause severe causality 
problems [71] something that is best avoided in any theory. This implies that we should pick the 
space-like solution. Thus to avoid tachyons appearing in our ED theories we must always choose 
EDs to be space-like and therefore we assume there will always be only one time like dimension [72]. 

The brane world scenario: ED models are typically structured to have a extra spatial dimension 
that is compactified with a suitable orbifolding symmetry. The compactification enables this spatial 
dimension to evade all observation of its existence at low energy. Only when the probing energy 
is of the order of the compactification length scale, does one begins to see the manifestation of the 
extra dimension. The end points of the compactified extra dimension are the location of four dimen- 
sional hyper-surfaces called the 3-branes. The observed four dimensional structure of the hithertho 
discovered space-time geometry corresponds to one of these 3-branes, see [75] for further details. 

In this chapter we review the Warped extra dimension in Section 2.2, detailing the derivation of the 
anti-de Sitter metric that originates naturally from the Einsteins equations with negative cosmological 
constant, a review of the particle spectrum and their interaction is then made in the context of a warped 
extra dimension compactified on an orbifold with S'i/Z2 symmetry. In Section 2.3 we demonstrate 
that the loop contribution of the KK towers of quarks and gauge bosons emerging from the compact- 
ification would have a sizable numerical impact on the rates of gg ^ h and h — )■ 77, which are of 
paramount importance in the context of Higgs search at the LHC. This happens because the Higgs 
coupling to a pair of KK fermion-antifermion is not suppressed by the zero mode fermion mass and 
can easily be order one . The underlying reason is simple. Although the zero mode wave-functions 
of different flavors have varying overlap at the TeV brane depending on the zero mode masses, the 
KK profiles of all fermions have a significant presence at the TeV brane where the Higgs resides. As 
a result, the KK Yukawa couplings of different flavors are not only all large, they are also roughly 
universal, see Section 2.2.5. This large universal Yukawa coupling in the RS scenario constitutes the 
comer- stone of our study. On the contrary, in flat Universal Extra Dimension (UED) only the KK top 
Yukawa coupling is large, others being suppressed by the respective zero mode fermion masses. We 
provide comparative plots to demonstrate how the warping in RS fares against the flatness of UED 
for the processes under consideration. 
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2.2 Warped Extra Dimension 



Taking in account the back-reaction of gravity to the presence of the branes themselves naturally leads 
to warped extra dimensions. Careful consideration of the back-reaction may be important, since if one 
has a 4d theory with only 4d sources, it will necessarily lead to an expanding universe with positive 
cosmological constant. On the other hand, if one has 4d sources in 5d geometry, one can balance 
the effects of the 4d brane sources by a 5d bulk cosmological constant thus reducing the effective 4d 
cosmological constant to zero, that is the 4d universe would still appear to be static and flat for an 
observer on a brane [74]. Now the 5d background itself is curved, which is clear from the fact that 
one had to introduce a bulk cosmological constant. In a sense there is a transfer of the curvature from 
the 4d branes, which are made flat, to the bulk which is now significantly curved [75]. This scenario 
was originally proposed by Rubakov and Shaposhnikov [74]. 



2.2.1 The Randall-Sundrum background 

With this motivation, consider a 5d scenario with a non-vanishing 5d cosmological constant A in the 
bulk. We are interested in solutions where the brane itself remains static and flat, preserving the 4d 
Lorentz invariance, while the extra dimension is curved. This implies that the induced metric at every 
point along the fifth dimension has to be the ordinary flat 4d Minkowski metric, and the components of 
the 5d metric depend only on the fifth coordinate y. The ansatz for the most general metric satisfying 
these properties is given by: 

ds'^ = e-'^'^y^dx^dx^'ri^^ + dy^. (2. 1) 

The amount of curvature along the fifth dimension depends on the function e~^^'^\ which is there- 
fore called the warp-factor. To go into the conformally flat frame, we need to make a coordinate 
transformation of the form z = z{y). The coordinate transformation should not depend on the 4d 
coordinates x, which might induce off-diagonal terms in the metric. One can ensure that the metric 
be conformally flat in the new frame, if dy and dz are related by 

e-^(")/2dz = dy, (2.2) 

such that the full metric in terms of the the z coordinate will be: 

ds^ = e-^(") {dx^'dx'^ri^^ + dz^). (2.3) 

Deriving the RS solution now reduces to the task of finding the function A{z). To do this we first note 
that the above mentioned conformally flat metric leads to the following non- vanishing components of 
the Einstein tensor: 

r - 4'2 

G,. = -^r/,.(-A" + lA'2), (2.4) 

where Gmn = Rmn — IomnR- 
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This should agree with the solution of the 5d Einstein-Hilbert action, 

S = - [ d'x^iM^R + A). (2.5) 



One can then use the definition of the stress-energy tensor to find the Einstein equation: 

2 1 

Gmn = 1^ Tmn = ^9mn- (2.6) 
Comparing the 55 component of the Einstein equation will then give: 

The first thing that we note is that a solution can only exist if the bulk cosmological constant is 
negative A < 0. This means that the important case for us will be considering anti-de Sitter spaces, 
that is spaces with a negative cosmological constant. With a negative value of A one can now solve 
for the function A{z). It is given by, 

e-^(^) = ^ , (2.8) 

{kz + const. )2 ' 

where we have introduced 

To fix the constant in Eq. 2.8 we choose e~^'^°) = 1, giving us. 

The metric in the original y coordinates can now be read off by recalling the relation between z and y 
given by 

e-^(^)/^dz = -^ = dy, (2.11) 
we get that (by choosing ?/ = to correspond to 2; = 0): 

e-^(^) = !n2 = e"'''' (2.12) 
[kz + 1)^ 

and so the RS metric in its more well-known form is finally given by: 



ds^ = e-^''ydx''dx^rif,^ + dy\ (2.13) 



However one still needs to check whether the 4d components (G^^) of Eq. 2.4 and Eq. 2.6 are in 
agreement. In order to fulfill this condition we will find that the two branes at the two ends of the 
compactified extra dimension need to have equal and opposite brane tension which is related to the 
bulk cosmological constant. If we consider Vq and Vi are the tensions at two opposite branes, then we 
will find that they are related as follows, 

A = Vi = -Vo. (2.14) 

Thus there is a static flat solution only, if the above two fine tuning conditions are satisfied. For details 
see for example [75]. 
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Figure 2.1: A slice of AdSs: The Randall-Sundrum scenario. 



2.2.2 Compactification and KK Decomposition of Bulk Fields 

We are considering a scenario [56, 77] based on a non-factorizable geometry with an extra dimension 
as shown in Figure 2.1. In this scenario the fifth dimension y is compactified on a jTL^ orbifold 
of radius R, with —txR < y < txR. The orbifolding is needed to obtain chiral fermions in the zero 
mode of the KK tower, in agreement with the chiral fermions of the SM. The orbifold fixed points at 
y = (0, ttR) are also location of two 3-branes. The space-time between the two branes is simply a 
slice of AdS^ geometry. The five dimensional metric is given by [56], 

ds'^ = e-'^'^r^^^dx^dx" + dy'^ (2.15) 

where 

a = k\y\ , (2.16) 

and 1/A; is the AdS curvature radius and 77^^ = diag(— 1, 1, 1, 1). The natural mass scale associated 
with the brane at y = is the Plank scale {Mpi) and the corresponding 3-brane is called the Planck 
brane. The effective mass scale associated with the y = tiR brane is Mpe"'"'^^, which is of the TeV 
order for kR ^ 12. The corresponding 3-brane at y = ttR is called the Weak or TeV brane. This 
immediately provides a framework to address the hierarchy problem associated with fundamental 
scalars. Consider the scalar field (for example the Higgs scalar) confined to the TeVAVeak brane. Its 
action would be given by 

SHiggs ^ j d^x^/^lg^^D^'hD^h - V{h)], V{h) = \[{h^h) - v'^f]. (2.17) 

If the size of the extra dimension is ttR, then the induced metric at the TeV brane is given by 

9Uy=^R = e-''''%,. (2.18) 
Plugging this in for the above action we get that the action for the Higgs is given by 

S^ggs ^ f d^xe-^^^^[e^^''^T]^,^d^'hd''h - X{h^h - v^]. (2.19) 
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We can see that due to the non-trivial value of the induced metric on the TeV brane the Higgs kinetic 
term will not be canonically normalized. To get the action for the canonically normalized field, one 
needs a field redefinition h — )■ e^'^'^^h. In terms of this field the action is 



(2.20) 



This is exactly the action for a normal Higgs scalar, but with the vev (which sets the scale of all mass 



parameters) "warped down" to vh 



V thus solving the gauge hierarchy problem. 



Till now we have discussed the brane bound fields (e.g Higgs field as in the previous example). But 
a natural generalization of the scenario is the one where the fields are allowed to access the 5d bulk. 
This requires a systematic study of the bulk fields. First we note that even though the space-time 
is 5 dimensional, we are confined to a four dimensional hyper-surface called the TeV brane. Thus 
we need to derive the effective four dimensional version of the 5d action by integrating out the fifth 
spatial component. The general 5 dimensional action of bulk fermions, scalars and vector bosons, is 
given by. 



^5 = 

where g 



'M(, 



(2.21) 



OnVm and Dm = + Tm where Tm is the spin connection 



det{gMN), Fmn = duVn 
given by V ^ = ^757^^, Ts = for the metric given in Eq. 2.15.^ The bulk masses consistent with 
the orbifolding conditions are given by. 



ak"^ + ha" , 



CO" 



(2.22) 



where a, h and c are arbitrary dimensionless parameters and a is defined in Eq. 2.16. 

After integrating out the compactified extra dimension the 4d Lagrangian can be written in terms of 
the zero modes and their KK towers. The fermionic [78], scalar and vector [79] fields can in general 
be expanded in KK modes as follows. 



$(x'',?/) 



with 



fn{y) 



for $ = {(j), e~^'^'^L,R A^} 2 where 



^$(")(x^)/„(l/) 



n=0 



k k 



-r + f )F„ 



_|_ rrin Y' ( 
k a\ k 



(2.23) 



(2.24) 



(2.25) 



'The gamma matrices, 77\/ = (7/j, 75) are defined in curved space as 7^/ 
are the Dirac matrices in flat space. 

^The (L,R) correspond to the left and right chiral fermions respectively. 



^Iila, where e%i is the vierbein and 7q 
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and 



1 



(2.26) 



y/n'^R ran e'"'''^ 

with s = (4, 1, 2), r = (6, =fc, 0) and a = (v^4 + a, c ± |, 1) respectively. The Kaluza Klein^ masses 
are determined by imposing boundary conditions on the solution given in Eq. 2.24. For even (odd) 

fields the boundary conditions are ( ^ — rcr'/„ ) = ( /„ 

V / 0,7r_R \ 

masses are given by the roots of the equation, 

bairrin) = 6a(m„e^'=^). 



0,7r_R 



. Thus we find that the KK 



(2.27) 



In the limit that m„ ^ A; ,a > and kR ^ 1 the Kaluza-Klein mass solutions are 



m 



„~ (n + i(a-l)^i) Tike-^ 



kR 



(2.28) 



for n = 1,2, 



It is to be noted that the masses of both even and odd KK fermions are identical and are given approx- 
imately by, 

iVA;e--^'^. (2.29) 



mt ^ I n H — lie I 



4 

This not clear from Eq 2.28 which is only true for a > 0. This requires a very careful study of the 
fermionic sector of the theory. The 5 dimensional action for the fermions is given by. 



where. 



ca 



(2.30) 



(2.31) 



After integrating out the compactified extra dimension, the 4d Lagrangian can be written in terms of 
the zero modes and their KK towers. The fermionic [78] fields can in general be expanded in KK 
modes as follows. 



V ZnR 



(2.32) 



n=0 



The (L,R) correspond to the Z2 even and Z2 odd fermions respectively and \1/ 



-2a 



L,R- 



Where we have. 



with 



fn{y) 



gW2 

"ivT 



k k 



TkR 



(2.33) 



(2.34) 



■'The KK masses are basically the quantized fifth components of the 5d momenta associated with the fields which 
manifest themselves as masses in the effective 4d theory 
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and s = (1), r = (=fc) and a = (c ± 



The Kaluza Klein masses are determined by imposing boundary conditions on the solution given in 



Eq. 2.33. For even (odd) fields the boundary conditions are 



dy 



/n 







For the even fields imposing the boundary condition gives rise to the two equations 



— r 



£W ( I!hL\ _i_ UhL T ( IHs.) 
2Hal k I ^ k "^aV k ) 



(2.35) 
(2.36) 



These two conditions determine the values of and m„. Using the values of r,s, and a and the 
recursion relations for the Bessel functions we get that, 



bJmr, 



(2.37) 



The KK masses are approximately given by the roots of Ja-i{^) = 0, but the roots of Ja and J_a 
are identical so we can as well call it the root of J\a\- In the limit that m„ <^ k and kR ^ 1 the 
Kaluza-Klein mass solutions for n = 1, 2, ... are given by 



rrir. 



n 



rur, 



n -\ — |(c ' 

2'^ 2' 



Tik e""^^ 
nk e-^^^ 



(2.38) 
(2.39) 



since for even fields a = c + | thus a — 1 = c 



For the odd fields the continuity of /„ at the boundaries implies that 



fn 



0,ttR 



and consequently 



ba{mn) 

bairrin) 



bJrrine^ 



kR\ 



(2.40) 

(2.41) 
(2.42) 



In this case one can check that the derivative of /„ is continuous on the boundaries and does not lead 
to further conditions. As in the even case, an approximate solution for the Kaluza-Klein tower in the 
limit that m„ <^ k and kR ^ 1 is 



(^+i|(c-i)|-l)vrfc e- 



TkR 



(2.43) 



Thus the even and odd fields have degenerate KK mass which reaches minimum at c = | when it has 
mass equal to the gauge boson. This is the value of c for which the fermion is in the conformal limit 
i.e when the bulk proffile of the fermions becone independent of the fifth dimension. 
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Field 


Profile 


scalar 


g(l±V4+a)fc|y| 


fermion ip^^^ [y] 




vector ' {y) 


1 


graviton 


Q-k\y\ 



Table 2.1: The zero mode profiles of bulk fields. 



2.2.3 The zero mode profile 

One of the major features of warped extra dimension is that, unlike the flat case the zero modes still 
have y dependence which is generally exponential. The non-trivial zero mode bulk profiles lead to a 
possible explanation of the fermion mass hierarchy. Here we briefly summerize the general features 
of the zero mode fields in Table 2.2.3. 

The equation of motion for the zero mode fields can be easily derived from Eq. 2.21 and is given by 

{±tdt - v)Ut) = (2.44) 

where, t = e'^'^^e*^'^' and v = The m$'s are given in Eq. 2.22. The solution of this equation with 
correct normalization is given by. 



= ^_i±^,±.e^H.M. (2.45) 

Only the left mode corresponding to the negative sign in the right hand side in Eq. 2.45, gives viable 
solution and the right mode does not exist as required by the orbifolding conditions. 

To get the zero mode profile we need to look at the coefficient of the kinetic term. For ex- 
ample the kinetic term of the fermions is given by, S'^^^^^^^ = — J d^x J dy^/^ [z^7*^Dm^] 

/ rfS / dyy^ [i^Jol^'DM^ofo] ■ Now note that = e'^'^l^l and 7/. = E^r^ 

where = e'^'^. Further \1/ = e~'^'^'^L,R- Putting everything together we get S^^^^^^^ = 
- Jd'^x J (i?/e(i-2^)'=l3'l [i^'o7M^^^^o]- Thus the zero mode profile is given by e^s-'^)^!?'!. 

The other zero mode profiles can be derived analogously. The gauge fields are kept in the conformal 
limit (c = 1/2) i.e. they do not have any bulk profile and thus the zero mode is not localized at any 
point in the bulk. This is a direct consequence of the 5d gauge invariance. The gauge fields (any field 
in the conformal limit) couple to the two branes with equal strength whereas the other zero mode 
fields are localized near one point in the bulk having different couplings at the two branes. 



2.2.4 Gauge Couplings 

The generic gauge coupling part of the 5d action may be written as , 

Sgauge = j d'^x j dy^/^ ^{x,y)i'^^ A^{x,y)^! i{x,y) . (2.46) 
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One can simply read off the coupling between all the zero mode fields, which can now be written as, 

/ 1 X3 



d^x / dy^g^ (^.(x)(0)/(°)(y).i?l7a^A^(x)(0)/(^.(y)M/,(x)W ) x 



^(0) 
gauge 



where E'\ = e'"'^' is the vierbein. The 4d gauge coupling for the fermion of flavor i is given by. 



(2.47) 



{fr{y)ffUy) 



(2.48) 



remembering that all the gauge bosons are put in the conformal limit (implies f^^{y) = 1) we can 
explicitly perform the y integral to get. 



^4,j = 



.95 



(2.49) 



This clearly shows that the zero mode couplings are independent of the flavor index, thus gauge 
invariance of the theory is not compromised by localizing the zero modes at different location in the 
bulk. Couplings of the zero mode fermions to the KK modes of the gauge bosons may lead to four- 
fermion interactions and FCNC processes that are highly constrained"^. Using the expression for the 
zero-mode fermion , the gauge coupling of a gauge boson Kaluza-Klein mode n to the zero-mode 
fermions is 



5^"^ = 9 



1 - 2c 



g(l-2c)7rfc_R — 1 / _/V 



4- / dye^'^'^^'^ 



(2.50) 



When c takes a large negative value, the fermion is localized near the TeV-brane and the ratio 9^^^ 9 
approaches the asymptotic limit g^^^ / g — V^irkR ~ 8.4, which corresponds to a fermion localized 
near the TeV-brane. This leads to a restrictive lower bound on the first excited Kaluza-Klein mass 
scale. At the conformal limit c = 1/2, the coupling vanishes due to the conservation of the 5- 
momentum at this limit. For c > 1/2, the coupling quickly becomes universal for all fermion masses. 
Nevertheless, the FCNC and other constraints will dissappear if a KK parity is induced into the theory. 
In what follows we will see that various other considerations will also lead us to introduce a KK parity 
into the theory. Thus we will restrict the rest of this discussions to models where KK parity is a good 
symmetry of the theory. 



2.2.5 Yukawa Structure 

We note that the fermions and their superpartners have identical coupling to the Higgs. Thus in what 
follows, we only consider the Yukawa coupling of the fermion. The Higgs boson is localized on the 
TeV brane and thus the 5d Higgs field may be written as, 

H{x,y)=H{x)6{y-nR) (2.51) 
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Figure 2.2: The ratio of the gauge couphngs, ^'•"VS' n = 1 (dotted line), n = 2 (solid line) and n = 3 
(dashed-dotted line), as a function of the dimensionless fermion mass parameter c [77]. 

Using Eq. 2.51 and Eq. 2.23, we find that the 5d Yukawa term is given by, 

Sy = j d^x j rfyv^Afif(x)(t,i(x,y)*,R(a:,Z/) + /i.c.)5(y-7ri?) (2.52) 

where, ^i^l/r is a chiral fermion with flavor index i and H{x) is the Higgs boson . This can be written 
as,^ 



Sy = jd'x [X;,H{x)[¥;^{x)^fl{x) + h.c.+ 
+ ^H{x) (^'S?(x)v^5.5(x) + h.c. + . . . 



(2.53) 



Considering a left-right symmetric model^, we find that the zero mode Yukawa couplings (Ajj) are 
given by. 



U g(l-2cj)7rfc_R_2 ^ ' 



(2.54) 



If we assume Xfk ~ 1 for all i,j we can still generate hierarchal Yukawa structure by tuning the c 
parameter. This is the explanation of the fermion hierarchy problem in warped extra dimension where 
the warping factor is used to generate the variation in the zero mode fermion masses. The Yukawa 
couplings of the KK modes can be read off by inserting Eq. 2.23 in Eq. 2.52 and comparing with 
Eq. 2.53 and are given by, 



''Such highly constrained couplings can be evaded (atleast at the tree level) by simply imposing KK number conserva- 
tion [90]. 

^We impose KK parity to keep the theory calculable. It is a direct analogue of the R parity in SUSY. 
^We consider that the left and right chiral fermions of the same flavor are identically localized in the bulk. 
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Figure 2.3: The variation of the Yukawa couplings with Cj. 
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nir, 



(2.55) 



With the approximations m„ ^ k, kR ^ 1 and \fjk = 1, we can expand the Bessel function in the 
asymptotic limit as, 



JJx) 




2 vr 
cos(a; — {2\n\ + 1) — 

TTX 4 



(2.56) 



Using this form we find that the KK Yukawa couplings are given by 



A" ~ COS' 



TT . 



(2.57) 



This clearly shows that all the even KK modes have Yukawa couplings equal to unity independent 
of their zero mode Yukawa couplings for |c| > 0.5. The odd KK modes do not couple to the brane 
bound Higgs at all. The important observation is that the couplings are nearly independent of the q 
parameter, the radius of compactification (R) and the KK number (n). The actual numerical values of 
the Yukawa couplings are plotted as a function of q in Figure 2.3. 
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Table 2.2: The q parameters and m- (in GeV) for different flavors are shown for kR = 12.06 and tan (3 = 
{H^)/{H^) = 10. For this choice, the mass gap between the consecutive KK states is m("+^) — m^") = 1333 
GeV, irrespective of q. The corresponding n = 1 KK mass for gauge boson is 1 TeV. 

2.2.6 Radius stabilization 

The radius of the model so far has been treated as a given constant, and it was found that radius R has 
to be -R ~ 12/A; in order for the hierarchy problem to be resolved. This raises several important issues, 
that needs to be addressed: Since the radius is not dynamically fixed at the moment, but rather just set 
to its desirable value, there will be a corresponding massless scalar field in the effective theory, which 
corresponds to the fluctuations of the radius of the extra dimensions, called the radion [80-83]. The 
masslessness of this field is related to the fact that the RS solution discussed until now did not make 
any reference to the size of the extra dimension. This means that in the effective theory this parameter 
is also arbitrary, and thus has no non-trivial potential. Thus it can have no mass. This massless 
radion would contribute to Newton's law and result in violations of the equivalence principle (would 
cause a fifth force), which is phenomenologically unacceptable, and therefore the radius has to be 
stabilized (making the radions massive). Even then the radius has to be stabilized at a somewhat 
larger than natural value (we need kR ~ 12, while one would expect i? ~ 1/A;). This reintroduces 
the hierarchy/finetuning problem. We have seen that one needed two fine tunings to obtain the static 
RS solution, one of which was equivalent to the vanishing of the 4d cosmological constant. 

A mechanism for radius stabilization should address the above mentioned issues. The solution for 
stabilization of the size of the extra dimension was proposed by Goldberger and Wise [80], and 
is known as the Goldberger- Wise (GW) mechanism. Radius stabilization at non-trivial values of 
the radius occurs dynamically, where different forces, some of which would like to drive the extra 
dimension very large, and some very small, are brought into play. Then there is a chance that these 
forces may balance each other at some value and a stable non-trivial minimum for the radius could 
be found. A possible way to find such a tension between large and small radii is if there is a tension 
between a kinetic and a potential term of a field, one which would want derivatives to be small (and 
thus large radii) and the other which would want small radii to minimize the potential. The Goldberger 
and Wise mechanism uses exactly this scenario. A bulk scalar field is introduced into the model, and 
a bulk mass term is added. This will result in a non-trivial potential for the radius, due to the bulk 
mass the radius would want to be as small as possible to minimise the potential. If there is also a 
non-trivial profile (a vev that is changing with the extra dimensional coordinate) for this scalar, then 
the kinetic term would want the radius to be as large as possible, so as to minimize the kinetic energy 
in the 5th direction. Then there would be a non-trivial minimum for the radius. The non-trivial profile 
for the scalar is generated by adding a brane potentials for this scalar on both fixed points, which have 
minima at different values from each other. The back-reaction of the metric to the presence of the 
scalar field in the bulk will be important. Simultaneous solution of the Einstein and the bulk scalar 
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equations are required, to have the back-reaction exactly under control [84-87]. Denote the scalar 
field in the bulk by $, and consider the action 

J d'x^ -M!R + +^{V<l>f - j d^x^,\p{^)- j d'x^.XTm, (2.58) 

where the first term is the usual 5d Einstein-Hilbert action and the bulk action for the scalar field, 
while the next two terms are the brane induced potentials for the scalar field on the Planck and the 
TeV branes. We will denote the 5d Newton constant by = 1/2M^, and look for an ansatz of the 
background metric again of the generic form as in the RS case to maintain 4d Lorentz invariance: 

rfs^ = e-^^^y^f.^dx^'dx" + dy"^. (2.59) 

The Einstein equations are given by: 

i=P,T 

A" = - ^V{%). (2.60) 

And the bulk scalar equation of motion in the warped space, derived from the generic scalar equation 
is given by, 

d,V99'"'d.<^ = l^v^. (2.61) 
By substituting the scalar and metric ansatz into this equation we get 

i 

We can separate these equations into the bulk equations that do not contain the delta functions, and 
the boundary conditions are obtained by matching the coefficients of the delta functions at the fixed 
points. The boundary conditions derived this way are sometimes also called the jump equations, 
which in our case will be given by 

[A% = yA,(<|.o), 

= ^^-^^^ 

The bulk equations, Eq. 2.60-2.62, together with these boundary conditions form the equations of the 
coupled gravity- scalar system. These are coupled second order differential equations. Let us assume 
that the solution to the system of equations above are given by A{y), $0(2/) • Where the superpotential 
function ($) is defined via the equations 

A' ^ ^l^($o), 




1 dW 
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If we use these expressions for A' and <l>g in the Einstein and scalar equations consistancy will demand 
the following relation: 

V{^) = U^X -^W{^)\ (2.65) 



8 V ^'^^ / 6 
and the corresponding jump conditions are, 

l[W-($o)]. = A.($o), 
IdW dX,{%) 

It is somewhat difficult to derive a superpotential for a specific potential. Generically the bulk potential 
should include a cosmological constant term (independent of $) and a mass term (quadratic in $), but 
for simplicity we neglect them. So we choose [85], 



6k 

W{<!>) = — - u<^^. (2.67) 



The first term is just what one needs for a cosmological constant, while the second term will provide 
the mass term when taking the derivative. The jump conditions are satisfied if, 

A(<l>)± = ±W{^±) ± W^'(<l>±)($ - $±) + 7±($ - $±)^ (2.68) 

where ^± are the values of the scalar field at the two branes, which we will also denote by = $p 
at the Planck brane, and $ = $7- at the TeV brane. Then the solution is given by, 

$o(y) = $pe-"^ (2.69) 
From this, the value of the scalar field at the TeV brane is determined to be 

$^ = $pe-"-f^. (2.70) 
This means that the radius is no longer arbitrary, but given by 

1 $p 

i?=-ln— ^. (2.71) 

U 

The value of the radius is determined by the equations of motion, which is exactly what we were after. 
This is the GW mechanism. 

The metric background will then be obtained from the equation 

A' = '^W(%) = k- ^$^e-2"^ (2.72) 
6 6 

given by the solution 

A{y) = ky + ^e-'^y . (2.73) 
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The first term is the usual RS warp factor (remember that A has to be exponentiated to obtain the 
metric), while the second term is the back-reaction of the metric to the non-vanishing scalar field in 
the bulk. We will assume that the back-reaction is small, and thus that fi;^<l>p, k^^^ <^ 1, and that 
V > 0. The values of $p and are determined by the bulk and brane potentials, so $p/$t is a fixed 
value. Since we want to generate the right hierarchy between the Planck and weak scales we need to 
ensure that 

kR ~ 12, (2.74) 

from which we get that 

U J 

which implies that u/k does not need to be exponentially small. This ratio sets the hierarchy in the 
RS model, and we can see that indeed one can generate this hierarchy using the GW stabilization 
mechanism by a very modest tuning of the input parameters of the theory. 

Once the radius is stabilized using a non-trivial potential, we know that the radion is no longer mass- 
less. Next we find the radion mass [87, 89], see also [81, 82, 88]. For this, we need to find the scalar 
excitations of the coupled gravity- scalar system. This can be parameterized in the following way: 

ds^ = e-2^-2^("'S')r/^,rfx'^rfx'^ + (1 + G{x,y)Ydy^, 

<!>{x,y) = <i>o{y) + ^{x,y). (2.76) 

At this moment it looks like there would be three different scalar fluctuations, F, G and if. However, 
if we plug this ansatz into the Einstein equation the 4d off-diagonal /iz/ components are satisfied only 
if 

a = 2F, (2.77) 



while the ii5 components imply the following further relation among the fluctuations 



^ = ^-(^'-2^'^)- (2.78) 



This means, that in the end there is just a single independent scalar fluctuation in the coupled equation, 
which we can choose to be F. Consistency of the Einstein equations lead to the following equation: 

F" - 2A'F' - 4:A"F - 2^F' + AA'^F = e^^UF (2.79) 

in the bulk and the following boundary condition: 

(F' - 2AF)i = 0. (2.80) 

Let us first assume that there is no stabilization mechanism, that is the background is exactly the RS 
background given hy A = k\y\, and $o = 0. In this case most of the terms in the above equation 
disappear, and we are left with 

F' -2kF = e'^ym^F, {F'-2kF)i = 0. (2.81) 
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The only solution is for tv? = 0, and the wave function of the un-stabilized radion will be given by 

= e^'^l^l. (2.82) 
The metric corresponding to radion fluctuations in the unstabilized RS model corresponds to 

ds^ = e-''=l^l-2^''''^(")r/^,rfx^rfx'' + (1 + 2e2'=l^l/(x))c/yl (2.83) 

This is a single scalar mode, that is exponentially peaked at the TeV brane, just like all the graviton 
KK modes. 

To find the radion mass for the case with GW stabilization, we simply need to plug into Eq. 2.79 the 
full background for A and $o with stabilization: 

F" - 2A'F' - AA"F + 2uF' - AuA'F + m^e^^F = 0. (2.84) 

To find the leading term for the radion mass we expand in terms of the back-reaction of the metric in 
the parameter Z = k$p/ a/2, and obtain the mass of the radion 

_ 4^^(2^+nK^-2(.+.). n 85) 

The radions coupling to the SM particles offers a rich phenomenology which is beyond the scope of 
this discussion. 



2.3 Probing warped extra dimension via gg ^ h and /i — > 77 at 
LHC 

This section closely follow the work published in the paper: G. Bhattacharyya and T. S. Ray, 
"Probing warped extra dimension via gg ^> h and h — 77 at LHC," Phys. Lett. B 675 (2009) 
222 [arXiv:0902.1893 [hep-ph]]. 

For an intermediate mass (< 150 GeV) Higgs boson, the relevance of its production at the CERN 
Large Hadron Collider (LHC) via gluon fusion {gg — t- h) and its subsequent decay into two photons 
{h — >■ 77) cannot be over-emphasized. Since these are loop induced processes, a natural question 
arises as how sensitive these processes are to the existence of new physics. In this chapter, we ex- 
plore such a possibility by embedding the Standard Model (SM) in a Randall-Sundrum (RS) warped 
geometry [56], where the bulk is a slice of Anti-de Sitter space (AdSs) accessible to some or all SM 
particles [77,91]. The virtues of such a scenario include a resolution of the gauge hierarchy prob- 
lem caused by the warp factor [56], and an explanation of the hierarchy of fermion masses by their 
respective localizations in the bulk keeping the Higgs confined at the TeV brane [92]. Besides, the 
smallness of the neutrino masses could be explained [78], and light KK states would lead to interesting 
signals at LHC [93]. We demonstrate that the loop contribution of the KK towers of quarks and gauge 
bosons emerging from the compactification would have a sizable numerical impact on the gg ^ h 
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and — )■ 77 rates. This happens because the Higgs coupling to a pair of KK fermion-antifermion is 
not suppressed by the zero mode fermion mass and can easily be order one. The underlying reason is 
simple. Although the zero mode wave-functions of different flavors have varying overlap at the TeV 
brane depending on the zero mode masses, the KK profiles of all fermions have a significant presence 
at the TeV brane where the Higgs resides. As a result, the KK Yukawa couplings of different flavors 
are not only all large, they are also roughly universal. This large universal Yukawa coupling in the RS 
scenario constitutes the comer-stone of our study. On the contrary, in flat Universal Extra Dimension 
(UED) only the KK top Yukawa coupling is large, others being suppressed by the respective zero 
mode fermion masses. We provide comparative plots to demonstrate how the warping in RS fares 
against the flatness of UED for the processes under consideration. 



2.3.1 Contribution of KK states to a{gg — ^ h) 



The process gg ^ h proceeds through fermion triangle loops. The SM expression of the cross section 
is given by (r^ = Am'^/m'jj) 



a' 



SM 



a: 



where Ag{Tg)\^^ 



2rjl 



with /(r) = arcsin^ ( ^) f*^^ — 1' ^^'^ /('^ 



In 



r,)/(r,)], (2.86) 



for r < 1 . Above, as 



is the QCD coupling at the Higgs mass scale, v is the Higgs vacuum expectation value and is the 
loop amplitude from the gth quark. In the SM, the dominant contribution comes from the top quark 
loop. Now, there will be additional contributions from the KK quarks. Importantly, due to the large 
universal KK Yukawa couplings, not only the KK top but also the KK modes of other quarks would 
have sizable contribution. Indeed, the lightest modes {n = 1) would have dominant contributions. 
Setting the KK Yukawa couplings to unity, as suggested by Eq. 2.57, we derive the amplitude of the 
nth KK mediation of the gth flavor, with the same normalization of Eq. 2.86, as 



AK)lKK = fe[l + (l-^.J/W] 



(2.87) 



In 5d the sum over n yields a finite result. Eq. 2.87 is different from the UED result [94] in two ways: 
(i) we have set the KK Yukawa coupling to unity irrespective of quark flavors, while in UED the KK 
Yukawa coupling is controlled by zero mode masses; (ii) in UED there is an additional factor of 2 
because both Z2 even and odd KK modes contribute, while in RS the odd modes do not couple to the 
brane-localized Higgs. In Figure 2.4, we have plotted the variation with uih of the deviation of the 
production cross section (TRs(5'fi' h) from its SM expectation crsuigg h) normalized by the SM 
value. The dominant QCD correction cancels in this normalization. We have chosen four reference 
values of ttikk (= 1-0, 1.5, 2.0 and 3.0 TeV), where rriKK is the KK mass of the n = 1 gauge bosons, 
which also happens to be the lightest KK mass in the bulk (corresponding to the conformal limit, 
c = 1/2 for fermions). For rrih below 150 GeV, the deviation is quite substantial (close to 45%) for 
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'm-KK = 1 TeV. For larger mxK = 1-5 (3.0) TeV, the effect is still recognizable, around 18% (5%). In 
the inset, we exhibit a comparison between RS and UED contributions to the same observable, where 
the KK mass scales of the two scenarios, namely mxK for RS and for UED, have been assumed 
to be identical (= 1 TeV). For mh < 150 GeV, the RS contribution is about 2.5 times larger than the 
UED contribution, while the margin slightly goes down with increasing m^. This factor 2.5 can be 
understood in the following way: In RS, five n = 1 KK flavors (except the KK top) have mass around 
mxK with order one Yukawa coupling. So naively we would expect a factor of 5 enhancement relative 
to UED. But in UED both Z2 even and odd modes contribute. This reduces the overall enhancement 
factor in RS over UED to about 2.5. 



2.3.2 Contribution of KK states to r(/i — > 77) 

The /i — 77 process proceeds through fermion triangles as well as via gauge loops along with the 
associated ghosts. The decay width in the SM can be written as 



ami 



J2NlQ}AfiTf) + Aw{Tw) 

f 



2 

(2.88) 



where a is the electromagnetic coupling at the Higgs mass scale. The expression for Af is given 
in Eq. 2.86, and the dominant SM contribution to Aj comes from the top quark loop. The W^-loop 
amplitude in the SM is given by 

AwMlsM = - [2 + 3ny + 3tw{2 - Tw)f{Tw)] . (2.89) 

We derive the KK contribution of the gauge sector as 



Aw{rWn)\KK = - [2 + 3rvF + 3rM/(2 - rwjf{rwj - 2(rw„ - Tw)f{rWn 



(2.90) 

Again, the sum over n yields finite result and in the limit of large KK mass the KK contribution 
decouples. Our Eq. 2.90 is very different from the corresponding UED expression [94], primarily 
because the Higgs is confined at the brane in the present scenario while it resides in the bulk in UED. 
In Figure 2.5, we have plotted the decay width T{h 77) in RS relative (and normalized as well) to 
the SM. Again, the four choices of mxK are 1.0, 1.5, 2.0 and 3.0 TeV. There is a partial cancellation 
between quark and gauge boson loops, both in real and imaginary parts, not only for the zero mode 
but also for each KK mode. The meeting of the four curves just above the rrih = 2mj threshold is a 
consequence of the above cancellation and at the meeting point the SM contribution overwhelms the 
KK contribution. Unlike in Figure 2.4, we witness both suppression and enhancement with respect 
to the SM contribution. The inset carries an illustration how RS fares against UED for identical KK 
masses. 

Next we construct a variable R = cTgg^h '^h^-ri- Figure 2.6, we have studied variation of (-Rrs — 
-Rsm)/-Rsm with rrih. For ttikk = 1-0, 1.5, 2.0 and 3.0 TeV, the fractional changes in R are 30%, 
14%, 8% and 4%, respectively, for nih < 150 GeV. The comparison shown in the inset shows that RS 
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Figure 2.4: The fractional deviation (from the SM) 
of the gg ^ h production cross section in RS is 
plotted against the Higgs mass. The four cui"ves 
correspond to four different choices of ttikk- In 
the inset, we have compared the UED contribution 
for = 1 TeV with the RS contribution for 

mKK = 1 TeV. 
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Figure 2.5: Same as in Figure 2.4, except that the 
fractional deviation in /i — )• 77 decay width is plot- 
ted. 



wins over UED roughly by a factor of 2 for identical KK scale for m/j < 150 GeV. Incidentally, our 
UED plots in the insets of all the three figures are in complete agreement with [94]. See also [95] for 
a numerical simulation of the Higgs signal at LHC in the UED context. 



2.4 Conclusions 

In conclusion, we highlight the core issues: In the RS scenario, the brane-bound Higgs can have 
order one Yukawa coupling with the KK fermions of all flavors. Such large KK Yukawa couplings 
can sizably enhance the Higgs production via gluon fusion and alter the Higgs decay width into two 
photons, provided the KK masses are in a regime accessible to the LHC. Because of the proactive 
involvement of more flavors inside the loop, the effect in RS is significantly stronger (typically, by a 
factor of 2 to 2.5) than in UED for similar KK masses. Admittedly, this advantage in RS is somewhat 
offset by the fact that the lightest KK mass in UED can be as low as 500 GeV thanks to the KK-parity, 
while in RS a KK mass below 1.5 TeV would be difficult to accommodate (see below). However, 
attempts have been made to impose KK parity in warped cases as well [90]. 

Electroweak precision tests put a severe lower bound on rriKK (~ 10 TeV) [96]. To suppress 
excessive contribution to T and S parameters, the gauge symmetry in the bulk is extended to 
SU(2)l X SU(2)r X U(1)b-l, and then ttikk as low as 3 TeV can be allowed [97,98]. A further 
discrete symmetry L R helps to suppress Zhihi vertex correction and admits an even lower 
"^KK ~ 1-5 TeV [99]. If some other new physics (e.g. supersymmetrization of RS) can create further 
room in T and S by partial cancellation, ttt-kk ~ 1 TeV can also be accommodated. In our analy- 
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Figure 2.6: Same as in Figure 2.4, except that the fractional deviation in ii = CTgg^h '^h^'ry has been plotted. 



sis, values of mxK in the range of 1-3 TeV chosen for illustration may arise in the backdrop of such 
extended symmetries. Furthermore, if the b' quark, present in the case of left-right gauge symmetry, 
weighs around 1 TeV, one obtains an additional ~ 10% contribution to o-(gg — )■ h) [100]. 

A recent paper [101] lists the relative contribution of different scenarios (supersymmetry, fiat and 
warped extra dimension, little Higgs, gauge-Higgs unification, fourth generation, etc.) to gg h 
and /i — )■ 77 for some benchmark values. A comparison between their work and ours is in order. 
As regards the RS scenario, the authors of [101] consider the region of parameters where the zero 
mode quarks mix with their KK partners. Additionally, their choice of is substantially different 
from c/j, where they observe large destructive interference in the effective ggh coupling. On the 
other hand, our working hypothesis is based on: c = cl = cr (see Eq. 2.54), and we assume KK 
number conservation at the Higgs vertex. We observe that the Higgs coupling to KK quarks is large 
for any flavor (see Eq. 2.57), and the (direct) loop effects of the KK quarks (which carry the same 
quantum numbers as their zero modes) do enhance the effective ggh vertex (like the enhancement 
observed for the fourth family contribution [101], or the h' quark contribution [100], or the UED 
contribution [94, 101]), and the magnitude is rather insensitive to the value of c as long as |c| ^ 0.5. 
The authors of [102] also calculate the KK-induced effective ggh vertex, but they rely on the gauge- 
Higgs unification set-up, and hence an efficient numerical comparison of their work with ours is not 
possible. 
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Chapter 3 



Extra-dimensional relaxation of the upper 
limit of the lightest supersymmetric neutral 
Higgs mass 

3.1 Introduction 

Minimal supersymmetric standard model (MSSM) with superparticles in the 1 TeV range, primarily 
for its ability to settle the gauge hierarchy problem and for providing a cold dark matter candidate, 
has emerged as a leading candidate of physics beyond the standard model (SM). A key prediction of 
MSSM is the existence of a light Higgs (nih < 135 GeV). If such a light scalar exists, the CERN Large 
Hadron Collider (LHC) will find it hard to miss. Moreover, if a quantum picture for all interactions 
including gravity has to be woven, we have to rely on theories like the string theory, which invariably 
includes supersymmetry (SUSY). Since string theory is fundamentally a higher dimensional theory, 
a re-analysis of the four-dimensional (4d) MSSM Higgs spectra by embedding the theory in an extra- 
dimensional set-up is a worthwhile phenomenological exercise. 

In Randall-Sundrum (RS) type models [56] with a warped space-time geometry, the bulk is a slice of 
Anti-deSitter (AdS) space in which the SM particles were discussed in the previous chapter. Super- 
symmetrization of such a scenario [77,91], leads to important phenomenological consequences: (i) 
gauge hierarchy problem is solved thanks to the warp factor, (ii) mass hierarchy of fermions can be 
explained by their relative localizations in the bulk [92], (iii) the smallness of neutrino masses can be 
explained [78], (iv) gauge coupling unification is achieved [103], (v) SUSY breaking can be realized 
with a geometrical interpretation [104], (vi) light Kaluza-Klein (KK) gauge boson and fermion states 
can be captured at the LHC, and some other specific signals, like top flavor-violating decays, can be 
detected as well [93] and (v) the so called "yu" problem that plague 4d MSSM can be ameliorated by 
embedding it in warped extra dimensional scenario. 

Since Higgs is the most-wanted entity at the LHC, our intention is to calculate how the upper limit on 
the lightest supersymmetric neutral Higgs mass changes in the warped extra-dimensional backdrop 
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due to radiative corrections induced by the KK towers of fermions and sfermions. Before we perch 
on extra-dimensional details, we mention that even within the 4d set-up the Higgs mass receives 
additional contribution, beyond the MSSM limit of 135 GeV, in the next-to-minimal MSSM [105] 
and in the left-right MSSM [106], to the tune of a few tens of a GeV in each case. 

In this chapter we briefly review the salient features of the supersymmetric warped extra dimensional 
scenario. The radiative correction to the Higgs field is then discussed using the effective potential 
technique. Finally we calculate the contribution of the extra dimension to the Higgs mass quantum 
correction. We finally compare and contrast the results obtained with the flat extra dimension scenario. 



3.2 Supersymmetric warped extradimension 

A 5d = 1 SUSY theory becomes an = 2 theory when looked at from an effective 4d perspec- 
tive [108]. All the fields should now arrange themselves into valid representations of a 4d = 2 
supersymmetric theory. The structure of the N = 2 supermultiplets which arises from the KK excita- 
tions of the N = 1 supermultiplets is well known. Here we will briefly review the multiplet structure 
and mass spectrum for an = 2 supersymmetric scenario. 



3.2.1 Supergravity multiplet 

The on- shell supergravity multiplet consists of the vierbein e%j, the graviphoton Bm and two 
symplectic-Majorana gravitinos [i = 1,2). The index i labels the fundamental representation 
of the SU(2) automorphism group of the A^ = 1 supersymmetry algebra in five dimensions. In a slice 
of AdS5, the supergravity Lagrangian has extra terms proportional to the cosmological constant: 



^5 = - 



(3.1) 

where 7*^^^ = Epcrm(-l)^7^^7^7^/3! and (x^^^ = [7^^7^]/2. In Eq. 3.1 we do not show the 
dependence on Bm, since in the AdSs background we set B^[ = 0. In order to respect supersymmetry 
in AdSs, the supersymmetric transformation of the gravitino must be changed in the following way, 

S¥,, = Dmv' + jIaMsY'v' , (3.2) 

where a-^ = diag(l, —1) and the symplectic-Majorana spinor 77* is the supersymmetric parameter. 
Without loss of generality, we have defined the Z2 transformation of the symplectic-Majorana spinor 
as 

v\-y) = icr,fi,v'iy)- (3.3) 

The condition that the AdSs background does not break supersymmetry is — 0' using 

Eq. 3.2 this leads to the Killing spinor equation 

DMv' = -^lMi(^3rv'- (3.4) 
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In a non-compact five-dimensional AdS space this condition is always fulfilled. However in the 
orbifold compactification, the boundary terms require an extra condition to be satisfied, namely 

15V' = M'r,' ■ (3.5) 

This condition implies that only half of the 5d supersymmetric charges are preserved. Therefore after 
compactification, one has in 4d an = 1 supersymmetric theory instead of = 2. 



3.2.2 Vector supermultiplet 

The field content of the vector supermultiplet is V = (Va/ , A*, S) where Vm is the gauge field. A* is 
a symplectic-Majorana spinor, and S is a real scalar in the adjoint representation. For simplicity we 
will consider a U(l) gauge group. The action has the form 



d!^x j dy 



-9 



Fi,^ + {duW + iX^r Dm^ + m^S^ + im^X^a-iY'X^ 



. (3.6) 



Supersymmetric invariance on a slice of AdS^ requires. 



-4 , b = 2 , and c = - . 

2 



(3.7) 



Using Eq. 2.28, we find that a = 1 for and X\, while a = for S and A|. If we assume that and 
X\ are even, while S and A| are odd, then the Kaluza- Klein masses are determined by the equation 



Mir) 



Jo[—e ) 



(3.8) 



Thus, even though the fields have different a values they still have identical Kaluza-Klein masses. 
The approximate mass of the Kaluza-Klein modes with n = 1, 2, ... is given by [109] 



rrir, 



[n 



i)7rfce-^ 



kR 



(3.9) 



compare this above equation with Eq. 2.28. 



The even fields and X\ will have a massless mode while the odd fields S and A| do not have 
massless modes because this is not consistent with the orbifold condition. Therefore, the massless 
sector from and A^ forms an A^ = 1 supersymmetric vector multiplet. 



3.2.3 Hypermultiplets 



The hypermultiplet consists of $ 
fermion. The action has the form 



where 0* are two complex scalars and is a Dirac 



d^x f dyy/^ 



2 \ii\2 



(3.10) 
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Invariance under supersymmetric transformation relates the masses of the fermions(\l/) with their 
superpartners(0) by the following relation, see Eq. 2.22, 



ca 



(3.11) 



where c is an arbitrary dimensionless parameter. 



Breaking up the Dirac fermion ^ into two chiral Weyl fermions iIjr), and comparing Eq. 3.11 
with Eq. 2.22 we find that all the particles of the hypermultiplet have identical KK mass given by. 



■^|c+l/2|(f^) 



|c+l/2|l — 



approximately given by. 



(3.12) 



(3.13) 



3.2.4 Yukawa Couplings 



The Yukawa interaction of the hypermultiplets are of importance in our calculations. The couplings 
are a direct super-symmetrization of the non-supersymmetric ones derived in Section 2.2.5. As was 
done earlier, we assume that the Higgs boson is localized at the TeV brane, i.e. H{x, y) = H(x)5{y — 
ttR) [this immediately solves the /i problem, as ~ (9 (TeV)]. Recall that each 5d fermion field has 
a bulk mass term, characterized by or CiR. For simplicity, we assume that q = CiL = CiR. We now 
expand the 5d fermion fields in zero modes and higher KK modes and obtain the corresponding 4d 
Yukawa couplings, see Eqs. 2.54 and 2.57. For simplicity, we consider only the diagonal couplings, 
i.e. ignore quark mixings as their numerical effects are negligible for our calculation. This is how 
the fermion mass hierarchy problem is addressed. We note here that the choice of Cj > 1/2 for the 
first two families helps evade tight constraints (m^^^ > a few TeV) from FCNC processes [91]. For 
the third generation, FCNC constraints are not so stringent any way. We now turn our attention to 
the Yukawa couplings of KK fermions. We assume KK number conservation at the tree level Higgs 
coupling with the KK fermions'. Following arguments similar to the ones leading to Eq. 2.57, we 
find the KK Yukawa coupling is given by. 



TT 



(3.14) 



'Although, unlike in UED, KK-parity is not automatic in the warped scenario, it is still possible to implement it in a 
slice of AdSs [90]. We assume this parity for simplicity of our analytic computation. This also helps in evading some 
FCNC constraints. 
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where =f correspond to Z2 even/odd KK modes. We recall two important feature of these couplings: 
(i) all KK Yukawa couplings, regardless of their flavors (i.e. q values) and KK numbers, are roughly 
equal, being close to unity (more precisely, Xi(5d)k), and (ii) the KK Yukawa couplings of Z2 odd 
modes are vanishing (since the Higgs is brane-bound). 



3.3 Radiative Correction to the Higgs mass 

This section closely follow the work published in the paper: G. Bhattacharyya, S. K. Majee and 
T. S. Ray, "Radiative correction to the lightest neutral Higgs mass in warped supersymmetry," 
Phys. Rev. D 78 (2008) 071701 [arXiv:0806.3672 [hep-ph]]. 



3.3.1 Tree level relations in 4d MSSM 



We briefly summerize the scalar sector of the MSSM, discussed in Section 1.3.3. Within the frame- 
work of the MSSM there are two Higgs doublets which may be represented as, 

ff.= (2<), = (3.15) 

whose SU(2)x U(l) quantum numbers are (2,+^) and (2,— |) respectively. couples with up-type 
quarks , while couples with down-type quarks and charged leptons. Out of the eight degrees of 
freedom contained in the two Higgs doublets, three are absorbed as the longitudinal modes of the 
massive gauge bosons, while the remaining five modes appear as physical states. Of these five states, 
two are charged (i/^) and three are neutral (h, H,A). The tree level potential involving the neutral 
fields is given by 

Vo = ml\H',? + ml\Hl? -ml,{H',H', +h.c) + hg' + 9"){m' - {H^ir. (3.16) 



After spontaneous symmetry breaking, the minimum involves the following two vev's: = Vu 

and {H^) = Vd where, v = \/vl + v'^ = {\/2Gf)~^^'^ — 246 GeV, the Fermiscale. This gives us the 
mass matrix for the CP-even and CP-odd neutral Higgs bosons. One of the eigenvalues of the CP odd 
mass matrix is zero and corresponds to the neutral goldstone mode that is absorbed as the longitudinal 
mode of the Z boson. The other eigenvalue is given by 



2m^2 - ^ V. 



, where tan/3 = — (3.17) 
sm 2p Vd 

The 2x2 mass matrix for the CP-even neutral Higgs is given by, 

2 I _f M| cos^ /3 + sin^ /3 -(m^ + M|) sin /3 cos /3 \ 



(even) | tree \ -{m\ + M|) sin /3 COS (3 M| sin^ l3 + m\ cos^ (3 
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whose eigenvalues are given by, 

1 



m\ + M^T \ {ml + M|)2 - 4m^M| cos^ 2/3 



(3.19) 



resulting in an upper mass bound on the lightest neutral CP-even Higgs given by the inequality, 

nih < min (m^, Mz) \ cos 2/3 1 < min (m^, Mz) (3.20) 

3.3.2 Radiative corrections from the zero mode 

The zero mode of the model considered exactly represents the 4d MSSM particle spectrum. Therefore 
the correction to the lightest neutral Higgs boson mass is identical to the correction coming from 4d 
MSSM. Radiative corrections to m/j [110, 111] are dominated by the zero mode top quark Yukawa 
coupling (Xt) and the masses of the zero mode stop squarks 4°'')- For large values of tan /3, the 
contributions from the 6-quark sector also assume significance. We shall ignore loop contributions 
mediated by lighter zero mode quarks or the gauge bosons. Here, we shall follow the effective poten- 
tial approach as it allows the inclusion of the new physics effects in a fairly simple way. We start with 
an RG-improved tree level potential Vo(Q) which contains running masses and gauge couplings. The 
full one-loop effective potential is now given by 

V,{Q) = VoiQ) + AV,{Q), (3.21) 

where, in terms of the field dependent masses M(H), 

A^.Wj-g^St.M'mlln^-f}. (3.22) 

The scale dependence of AVi{Q) cancels against that of Vo(Q) making Vi{Q) scale independent upto 
higher loop orders. The supertrace in Eq. 3.22, defined through 

Str/(m2) = Y,{-lY'^{2J, + l)/(m2), (3.23) 

i 

has to be taken over all members of a supermultiplet, where = mf{H) is the field-dependent mass 
eigenvalue of the particle i with spin Jj. The contribution from the chiral multiplet containing the up 
type quark (lepton) and squarks (sleptons) is given by 

.4 / ,., '< A , .„4 A., m% 3\ ^. (. ml 3 



where c is the color factor. The contribution from the down type quarks (leptons) and squarks (slep- 
tons) can be written analogously by replacements of up type masses by the corresponding down type 
masses. 

The field dependent zero mode quark (lepton) masses are given by 

<{H) = Xliny ; ml{H) = A^Ji/,T- (3-25) 
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where i is the flavor index. The up and down type squark (slepton) masses are given by the eigenvalues 
of the corresponding mass matrix written as, 

\2\ u0\2 



MiiH) 



4 



Xu{A^H^ + fiH: 



0*-] 



m 



u 



012 



(3.26) 



and 



MliH) 



m 



D 



X2| TJ0\2 



(3.27) 



In Eqs. 3.26 and 3.27, mg, mu and ttid are soft supersymmetry breaking masses, A^ and A^ are trilin- 
ear soft supersymmetry breaking mass dimensional couplings, and fi is the supersymmetry preserving 
mass dimensional parameter connecting and in the superpotential. We take both trilinear and 
the /i couplings to be real. We have neglected the Z^-term contributions which are small, being pro- 
portional to gauge couplings. 

We shall treat the radiatively corrected as an input parameter. Now we are all set to calculate the 
radiative corrections in the neutral CP-even mass eigenvalues from the zero mode MSSM particles. 
Here only the top and the bottom sectors are important due to the relative dominance of their Yukawa 
couplings. The one-loop corrected mass matrix square is obtained by taking double derivatives of the 
full potential with respect to the scalar excitations and is given by 



A/f2 



ree ~^ 47^2^2 
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A22 



(3.28) 



where A^^ 
written below: 

All ^ 



A*^. + A^^. and 



is given in Eq. 3.18. The individual Aj/s are explicitly 
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(3.29) 



where, 



9 {ml, ml 



+ m| 

o o" ill 



mt 



ms 
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(3.30) 
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A point that deserves mention at this stage is that the tree level Higgs mass is protected by super- 
symmetry. In the limit of exact supersymmetry, the entire quantum correction vanishes. So radiative 
corrections to rrih will be controlled by the supersymmetry breaking scale (Ms). 



3.3.3 Radiative corrections due to extra dimensions 



The KK exited states differ from the zero mode in certain fundamental aspects. The KK states nearly 
couple universally (AL"' ~ A^^"'' ~ 1) to the TeV brane bound Higgs, independent of its zero mode 
mass. Thus the 1st and 2nd generation quarks also contribute substantially to the corrections. We also 
need to incorporate the contribution from the leptonic sector. We assume that the neutrino masses are 
generated by means other than the electro-weak symmetry breaking, therefore they do not have any 
coupling to the Higgs and thus do not contribute to the correction.^ 

And we also note that the field dependent masses of the KK modes for the quarks are given by 

2 , ^ / , ,\2 



(if) = (AS"))^|if„T+(^!"0 , (3.31) 



where j are the KK masses for the flavor i given by Eq. 3.13. The squark masses are given by 

diagonalizing the mass matrix given by Eq. 3.32 and Eq. 3.33 with all the Yukawa couplings set to 
unity ^ . They can be written as. 



(H) - f + + ] + ( ('"^'"') V 1 (3 32) 



and 



M? iH) -[ + 1^^°!' + ^ + i ("^^'"') V 1 (3 33) 



With this in mind we find that the contribution to the CP-even mass matrix from a single KK mode of 
the MSSM may be written as , 

•A^(even)|^^ = ^^^^ ( ) ' ^^'^"^^ 

where c is the color factor that is 3 for the quarks and 1 for leptons and i is the flavor index that runs 
over all the bulk fermions in a given KK mode. 

^The contribution from the quark sector always dominates over the leptonic contribution due to the color factor 
''As this is not true for the bottom quark, special care should be taken to incorporate it. In our full numerical calcula- 
tions we have incorporated all such details. 
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The contribution from a single up type KK fermion may be written as, 

2 



v7, 
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(3.35) 
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and from the down type fermion as, 
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n{Ad + n tan 13) \ , 2 2 
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where we have made the assumption that a1"^ ~ }\^^ ~ 1, v^jd are the Higgs vev and g(rn\, ml) is 
given by Eq. 3.30. It is to be noted that Ai = AoXi, therefore the trilinear couplings of all the flavors 
are identical for a given KK mode. We represent all the trilinear couplings for the up (down) type 
fermions by A^ (Ad). 

A comparison with what happens in flat space supersymmetric Universal Extra Dimension (UED) 
[112] is now in order. In UED, the KK states are equispaced (due to space-time flatness), and the KK 
Yukawa couplings are proportional to the corresponding zero mode masses. In the warped scenario, 
the KK states have a sparse spectrum following the zeros of the Bessel function, and the KK Yukawa 
couplings are, to a good approximation, independent of the flavor indices and are all close to unity 
for a reasonable choice of extra-dimensional parameters. So in the warped case, only u^-^\ c^^^ and 
t^^^ multiplets contribute to Am\ in a numerically significant way. The contributions from higher KK 
states are negligible. This is in sharp contrast with the SUSY UED scenario where the first /ew t^^^ 
(and not u^^'^ or c*-"^) chiral multiplets provide sizable contribution to Am^. The net numerical effects 
in the two cases are comparable. Recall that in UED, unlike in the warped case, the KK spectra are 
not linked to fermion mass hierarchy. 
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Figure 3.1: The variation of mf^^^ with rrikk for different choices of Ms- We have used = Ad = V^Ms 
to maximise the radiative effect. 



3.3.4 Numerical Results 

The scale of the extra dimension is best represented by the mass of the lightest KK particle. And 
as discussed in Section 3.2, the lightest particles are the members of the N = 2 vector super fields 
and are given by Eq. 3.9. We denote this by rrikk, and all our results are plotted as a function of this 
variable. 

In Figure 3.1, we have demonstrated that rrih indeed falls with increasing nikk, eventually attaining 
its 4d value. In this plot, we have set = Ad = V6Ms, which maximizes not only the 4d MSSM 
radiative correction but also the KK-induced one, which is why we have used the symbol m^^^. 
The three lines correspond to three different choices of Ms = 500, 750 and 1000 GeV. All in all, 
m/i increases by a few to several tens of a GeV, depending on the choice of soft SUSY breaking 
parameters, the radiative contribution coming primarily from all up-type multiplets. 



3.4 Conclusions 

We have calculated one-loop correction to the lightest neutral Higgs boson mass in a generic MSSM 
embedded in a slice of AdSs. For a reasonable choice of warped space parameters, the 4d upper 
limit of 135 GeV could be relaxed by as much as ~ (50-100) GeV depending on Ms. A few other 
closely related highlights are the following: (i) matter KK spectra are controlled by the Cj parame- 
ters, which, in turn, are determined by the zero mode fermion masses; (ii) all KK Yukawa couplings 
are close to unity to a very good approximation; (iii) the lightest KK states are the members of the 
N = 2 vector supermultiplets; (iv) small values of tan/3(^ 3), which are otherwise disfavored in 
4d MSSM due to nonobservation of Higgs up to 114.5 GeV [113], are now resurrected thanks to 
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an additional KK-induced radiative correction. Admittedly, the stability of the proton would require 
further care [77]. Besides, the warped models with fermions in the bulk, in general, pass the elec- 
troweak precision tests (EWPT) with some difficulty [96], unless the KK mass is raised to tens of 
a TeV. To suppress excessive contribution to T (or Ap), gauge symmetry in the bulk is enhanced to 
SU(2)l X SU(2)r X U(1)b-l [97], while, to keep the contributions to ZbLbL vertex and other loop 
corrections under control, a further discrete L R symmetry has been employed [99]. This allows 
us to consider m^^. as light as 1.5 TeV (i.e. KK gauge boson is of that order). Furthermore, tan/3 
can be tuned to reduce the contribution to T. Since our primary intention here has been to develop 
a simple analytic framework (for the first time) to compute KK-induced radiative corrections to nih 
in a supersymmetric warped space, we pared the scenario down to its bare minimum. The further 
details necessary to overcome the above constraints are unlikely to alter the essential qualitative and 
quantitative features. 
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Chapter 4 

A phenomenological study of 5d 
supersymmetry 

4.1 Introduction 

The CERN Large Hadron Collider (LHC) is all set to search out the yet elusive Higgs boson. But, 
LHC is also expected to reveal a new ruler of the tera-electron-volt (TeV) territories. The standard 
model (SM) has so far been remarkably successful in explaining physics up to a few hundred GeV 
energy scale. But theoretical inconsistencies of the SM (like, gauge hierarchy problem) and exper- 
imental requirements (like, a candidate to account for the dark matter of the universe) suggest that 
there are good reasons to believe that new physics beyond the SM is just around the comer crying 
out for verification. Among the different possibilities, supersymmetry and extra dimension stand out 
as the two leading candidates for dictating terms in the TeV regime. These two apparently distinct 
classes of scenarios cover a wide variety of more specific models. The usual practice from a bottom- 
up approach is to attach an 'either/or' tag on supersymmetry and extra dimension, as if the presence 
of one excludes the other. A more careful thought would reveal that the relationship between these 
two is not necessarily mutually exclusive. In fact, the presence of higher dimensions is a common 
feature of any fundamental theory valid at high scale. We will get back to this issue a little later. For 
the moment, to put things into perspective, we recapitulate the chronological evolution of the extra 
dimensional scenarios without invoking supersymmetry a priori. We restrict our discussion to the flat 
space scenarios, as we are not pursuing the warped path in this chapter. 

Flat extra dimensions were first studied [55] in a scenario where gravity propagates in a millimeter 
(mm) size compact space dimension, with the SM particles confined to a 4d brane. The motive was to 
bring down the fundamental Planck scale to about a TeV. Subsequently, it was conceived that the brane 
where the SM particles live may actually have a very small size, like 10^^^ cm ~ TeV"^, leading to 
the concept of a 'fat brane' [114]. In the context of the present chapter, we stick to the fat brane 
scenario. What are the experimental bounds on the fatness of such a brane, more precisely, on the 
radius of compactification (R)l For universal extra dimension (UED) models [1 15], in which all the 
SM particles access the extra dimensional bulk, a safe estimate is R^^ ^ 500 GeV. More specifically. 
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the g — 2 of the muon [116], flavor changing neutral currents [117-119], Z — )• bb decay [120], the p 
parameter [115, 121], and hadron collider studies [122] reveal that ^ 300 GeV. Consideration of 
b — > S7, however, implies a somewhat tighter bound {R^^ ^ 600 GeV [123]). Methods to decipher 
its signals from the LHC data have recently been discussed too [124]. On the other hand, in the non- 
universal scenario where both the SM gauge bosons and the Higgs boson propagate in the bulk but 
the fermions are confined to a 4d brane [125], R^^ cannot be below (1 — 2) TeV [126]. The reason 
behind the difference in constraints is the following. The KK parity, defined by (—1)" for the nth KK 
label, is conserved in UED, while it is not a good symmetry in the non-universal scenario. As a result, 
while in the non-universal models KK states can mediate many processes at tree level yielding strong 
constraints, in the UED model, thanks to the KK parity, KK states appear only inside a loop leading 
to milder constraints. In any case, in the presence of supersymmetry, all those analyses need to be 
modified with more parameters, which would expectedly lead to a set of more relaxed bounds on R~^. 

The motivation of studying a TeV scale (or, a fat brane) extra dimension scenario has been investi- 
gated from the perspective of string theory, phenomenology, cosmology/astrophysics and high energy 
experiments. Such models provide a cosmologically stable dark matter candidate [127], trigger suc- 
cessful electroweak symmetry breaking successfully through a composite Higgs [128], address the 
fermion mass hierarchy problem from a different point of view [ 1 29] ' , and stimulate power law renor- 
malization group (RG) running yielding a lower (few tens of a TeV) gauge coupling (near-)unification 
scale [131-133]^. Besides, the running of neutrino mixing angles generated from effective Majorana 
mass operator in a 5d set-up has been studied in both non-supersymmetric [135] and supersymmet- 
ric [136] contexts. 

We argue that supersymmetry and extra dimension need not always be seen as two new physics con- 
sidered simultaneously. In fact, they may nicely complement each other in some situations through 
mutual requirements^. From a top-down approach, string theory provides a rationale behind link- 
ing supersymmetry and extra dimension. The string models are intrinsically extra dimensional, and 
more often than not contain supersymmetry as an integral part. That said, we must also admit that 
establishing a rigorous connection between a realistic low energy supersymmetric model with string 
theory is still a long shot, though a lot of efforts have already been put in that direction [137]. Even 
after embedding the SM in an extra dimensional set-up, the scalar potential remains unstable under 
quantum correction. Supersymmetrization stabilizes it and ameliorates the hierarchy problem. It is 
interesting to note that by admitting chiral fermions and their scalar partners in the same multiplet 
tacitly provides a rationale behind treating the Higgs boson as an elementary object. An elementary 
Higgs can be perfectly accommodated in a flat extra dimensional set-up. As a corollary, the upper 
limit on the lightest supersymmetric neutral Higgs is relaxed beyond the 4d upper limit of 135 GeV 
due to the presence of the KK towers of top/stop chiral multiplets, and the hitherto disfavored low 
tan /3 region can be resurrected [112]. Finally, each 4d supersymmetric scenario has its own super- 
symmetry breaking mechanism. The origin of this mechanism may be linked to the existence of extra 

'Generation of non-universality in fermion localization imposes R^^ > 5000 TeV due to large flavor-changing neutral 
currents and CP violation [130]. 

^The power law loop corrections are admittedly ultraviolet (UV) cutoff dominated. It has been argued that if the 
higher dimensional theory contains a larger gauge symmetry which is perturbatively broken, then the difference of gauge 
couplings of the unbroken subgroups is a calculable quantity independent of UV completion [134]. 

''For a tentative list of advantages of supersymmetrizing extra dimensional scenarios see Section 3.1. 
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dimension. In fact, one of the earliest motivations of a TeV scale fat brane was to relate the scale of 
4d supersymmetry breaking with R^^ [1 14, 138]. 

Keeping these in mind, we outline the formalism of a 5d supersymmetric model in an /Z2 orbifold 
which contains the 4d supersymmetric states as zero modes. In section 4.2, we state our assumptions 
leading to the construction of the 5d model and comment on supersymmetry breaking. Furthermore, 
we explicitly write down the particle content and their 5d Lagrangian and illustrate the KK decom- 
positions of the different 5d fields. In section 4.3, we derive the beta functions of the gauge and 
Yukawa couplings as well as those of the different soft supersymmetry breaking parameters diagram 
by diagram, pointing out how they are all modified from their 4d values due to the presence of KK 
states. In section 4.4, we discuss the numerical effects of RG running and highlight the reason behind 
the differences between the 4d and 5d scenarios. We also point out under what conditions we can 
ensure electroweak symmetry breaking. In section 4.5, we exhibit the numerical impact of RG run- 
ning through plots showing constraints in the mo-Mi/2 plane. We standardize our numerical codes 
by reproducing the known 4d plots before encoding the necessary alterations for producing the new 
plots pertaining to 5d supersymmetry. This also enables us to compare and contrast the 4d and 5d 
allowed regions. Finally, in section 4.6, we showcase the essential features we have learnt from this 
analysis. 

This rest of this chapter closely follows the work published in the paper: G. Bhattacharyya 
and T. S. Ray, "A phenomenological study of 5d supersymmetry,"JHEP 1005 (2010) 040 
[arXiv: 1003.1276 [hep-ph]]. 



4.2 5d supersymmetry 

4.2.1 A brief summary of our model 

We highlight the salient features of supersymmetry in higher dimension and outline below the various 
assumptions that lead to a calculable phenomenological framework. 

We consider a 5d flat space time metric. The 5th dimension is compactified on a S1/Z2 orbifold. 
Orbifolding is necessary to reproduce chiral zero mode fermions as a 5d theory is vector-like. We 
embed the minimal supersymmetric standard model (MSSM) in this higher dimensional set-up (sev- 
eral consequences of such embedding, mainly the effects on gauge and Yukawa couplings' evolution, 
have been studied in [13 1]). From a 4d point of view, this leads to a tower of KK states. The massless 
sector corresponds to the 4d MSSM states. Since in 5d bulk the fermion representation is vectorial, 
the two-component spinor Q that generates 4d supersymmetry will in 5d be accompanied by its chi- 
ral conjugate mirror Q'^. Thus a = 1 supersymmetry in 5d corresponds to two different = 1 
supersymmetry, or equivalently, a = 2 supersymmetry from a 4d perspective. In fact, all the KK 
modes of a given level must fall into a valid representation of = 2 supersymmetry. In fact, each 4d 
supermultiplet is augmented by new chiral conjugate states and together they form a hypermultiplet. 
Here we are talking about a massive representation of supersymmetry, where the supersymmetry pre- 
serving Dirac mass plays the role of central charge for N = 2 supersymmetry. This charge is not 
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renormalized, as a consequence of which the bulk hypermultiplets do not receive any wave-function 
renormalization [131, 140]"^. We observe that this N = 2 non-renormalization has serious numerical 
consequences in RG evolution of parameters. The most notable effect is the blowing up of the Yukawa 
couplings into the non-perturbative regime around 18 TeV, which we will take to be the cutoff of our 
theory. This is below the scale of perturbative gauge coupling unification, which is around 30 TeV. 
Recall that in 5d we encounter power law running which results in early (compared to 4d) unification. 

We allow the gauge and the Higgs multiplets access the 5d bulk. Thus far what we said is nothing 
but a supersymmetrization of UED. Only the matter multiplets make the difference. In the UED 
framework, all SM particles access the bulk, and thus even though there are two fixed points, there 
is no brane. One could as well have kept some or all of the fermion generations in a brane at a 
fixed point; the difference would be that the scenario would cease to be universal. In the present 
supersymmetric context too we have the freedom of keeping some or all of the matter multiplets at an 
orbifold fixed point. We note that unless we confine at least two generations of matter multiplets on 
a brane, the requirement of perturbative gauge coupling unification leads to a constraint > 10^° 
GeV [133], spoiling its relevance for LHC. On the other hand, unless we keep the third family of 
matter multiplet in the bulk we cannot ensure electroweak breaking. In view of the above, we let the 
third generation matter multiplet access the bulk, but fix the first two generations at y = 0. N = 2 
supersymmetry forbids Yukawa interaction in the 5d bulk as this interaction involves odd (three) 
number of chiral multiplets. Therefore, we localize Yukawa interaction at the orbifold fixed point 
where the supersymmetry corresponds to = 1. 

Now we come to the important question as how we break the residual = 1 supersymmetry. Differ- 
ent ideas have been advanced for its realization. One way is to break it by the Scherk-Schwarz mech- 
anism [141] in which fermions and bosons satisfy different periodic conditions over the compactified 
dimension. Explicit realizations towards this using a TeV-scale orbifold can be found in [142]. An- 
other interesting approach was to break the residual supersymmetry by a second compactification on 
an orbifold with two reflection symmetries, viz. /{Z2 x Z2) [143]. This can be viewed as a dis- 
crete version of the Scherk-Schwarz mechanism. Both these scenarios yield soft masses which are 
UV insensitive due to the non-local nature of supersymmetry breaking. From a completely different 
viewpoint, supersymmetry breaking may be infused from the brane-bulk interface [144], or transmit- 
ted from a distant brane [150], or arisen from a gaugino mediation set-up [145] (possibly with a much 
lower cutoff than 10^^ GeV), or triggered by some completely unknown brane dynamics, for example, 
by a spurion F-term vacuum expectation value (vev). In the context of the present analysis, we keep 
the exact mechanism of the = 1 brane supersymmetry breaking unspecified. We assume that the 
supersymmetry breaking scale is of the order of the inverse of radius of compactification, for example 
c/ R, where c is an C(l) dimensionless parameter. 

*In other words, for N = 2 supersymmetry, it turns out that mj^ = niB, which is analogous to gj^ = gs for 
N = 4 supersymmetry. Here m is the Dirac mass (central charge) and g is gauge coupling, while B and B are labels for 
renormalized and bare quantities. Since the Dirac mass of = 2 hypermultiplets appears on the right-hand side of the 
anti-commutation relation of the conserved supersymmetry charges, this mass cannot be renormalized. This is intertwined 
with the observation that only those terms are renormalized which can be written as integrals over all superspace volume. 
The kinetic term of = 2 hypermultiplets cannot be written as any such integral (see discussions and related earlier 
references in [140]. 
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Our main goal is the following: Just like in the conventional but constrained version of 4d super- 
symmetry one starts with a common scalar and a common gaugino mass at high scale (e.g. the GUT 
scale) and then run them down using the MSSM beta functions to find the weak scale spectrum, we do 
exactly the same here by assuming a common scalar mass (mo) and a common gaugino mass (M1/2) 
at low cutoff scale (18 TeV) and follow the running using the KK beta functions through successive 
KK thresholds to obtain the weak scale parameters. By adopting a phenomenological approach, we 
scan niQ and M1/2 over a set of values c/R, with c varying in the range 0.1 to 1 and R^^ fixed at 1 
TeV. 



4.2.2 Multiplet Structures 

As mentioned in the introduction, from a 4d perspective, the KK towers of matter and gauge fields 
rearrange in the form of = 2 hypermultiplets. A judicious choice of Z2 parity of the 5d fields 
allows us to break the N = 2 supersymmetry to A^ = 1 supersymmetry. We briefly review below the 
multiplet structures of the fields following the prescription suggested in [108]. 



Vector hypermultiplet 

The 5d super Yang-Mills theory contains a 5-vector gauge field, a 4-component Dirac gaugino and a 
real scalar. When dimensionally reduced to 4d, the gauge field splits into a 4- vector and a scalar, the 
gaugino splits into 2 Majorana gauginos, and we still have the real scalar previously mentioned. All 
these fit into a vector multiplet and a chiral multiplet in A^ = 1 language. If we represent the N = 2 
vector supermultiplet by V, the 4-vector gauge field by A^, the gauginos by A and ijj, and define a 
complex scalar field (p = |(S + iA^), where S is the 5d real scalar and is the 5th component of 
the 5-vector field, then one can schematically represent the 5d vector supermultiplet as 

From a 4d perspective (where the compactified 5th coordinate y is just a label), and in the A^ = 1 
language, one can visualize the vector hypermultiplet by a vector multiplet V (first column) and a 
chiral multiplet in the adjoint representation by $ (second column): 

V{x,y) = -ea>^eA,{x,y) + ifeX{x,y)-ie'eX{x,y) + h'e^Dv{x,y), 

$(x,y) = (P{x,y) + V2 9i:{x,y) + 9'F^{x,y). (4.2) 

The Z2 parity of V is so chosen that the V contains a zero mode, but $ does not have any zero mode. 

The gauge invariant action may be written as (/ d^x = J d^x J dy) 

Sin,. = jd'x ^1 d'9 W-W^ + h.c. ^\d'Qj2 (^5V - + ^)) 

where the y) is the field strength superfield corresponding to V(x, y). 



2 



(4.3) 
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Higgs hypermultiplets 



From the = 1 perspective, the N = 2 hypermukiplet splits into two chiral multiplets. Thus we have 
a Hu hypermultiplet and a Hd hypermultiplet. We can represent them as (the tilde symbol represents 
Higgsino) 



{u,d) 



H 



L{u,d) 



H 



R{u,d) 



H 



L(u/d) 



H 



R{u/d) 



(4.4) 



If we denote the two chiral multiplets inside the hypermultiplet H{x, y) as h{x, y) in left column and 
h^{x, y) in right column, then one can expand the chiral superfield as 



h/h'' = HL/R + V2dHL,R + d^F, 



h/h<= 



(4.5) 



We assign even Z2 parity to h so that it has a zero mode, and odd Z2 parity to h'' which does not have 
zero mode. The free action of the hypermultiplets can be written as 



o5 

Higgs 



(Fx 



(Fe (hh' + hh 



d^9 h" ((95 + m)h + h.c. 



(4.6) 



Matter hypermultiplets 

Matters have hypermultiplet structures similar to Higgs: 

where, J'l = {(pL,i'L) (^2 even) and J'b. = {<pR,i'B) (^2 odd) represent the two = 1 chiral 
multiplets. The free matter hypermultiplet action will be similar to Eq. 4.6. There are five matter 
representations, two SU(2) doublets Q and L and three singlets u, d, e, where the symbols have their 
standard meaning. 



Gauge interactions 



When the hypermultiplets are charged under gauge symmetry, their free action can be promoted to 
take care of the interaction in the following way: 



int 



d'dJL ( m + ^5 - ) -F^j + h.c. 



(4.8) 



where, V = V"T" and $ = <|)"T" are Lie- algebra- valued gauge and matter superfields. 



Yukawa Interactions 

Since Yukawa interaction involves three (i.e. odd number) chiral superfields, it is not possible to write 
a bulk Yukawa interaction maintaining N = 2 supersymmetry. For this reason, we confine Yukawa 
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interaction at the branes. We denote the Yukawa part of the superpotential by Wy, which contains the 
usual chiral superfield combinations QH^u, QH^d and LH^e. Then the action can be written as 



S^^^ = j d'x Q d'e Wy^ [6iy) + 5{y - vri?)] . (4.9) 



As the Z2 odd fields vanish at the fixed points, they do not contribute to Yukawa interactions. 



4.2.3 KK decomposition of fields 

In order to obtain the action in terms of 4d component fields, we need to write down the KK decom- 
position of the 5d fields in terms of zero modes and higher KK modes [115]. Each 5d field is either 
Z2 even or Z2 odd. Only the even fields have zero modes. The decomposition of the Higgs fields will 
be exactly like the matter fields. 

V(.,.) ^ ;4v-(.) + -|=|:V-(.)cos^, 



= -^^$W(x)sin^, (4.10) 



X COS 



* * n=l 



2 ^ („) . ny 



X sm 



* n=l 



4.3 RG evolution and derivation of the beta functions 

The technical meaning of RG evolution in a higher dimensional context has been amply clarified 
in [131], and we merely reiterate it in the present context. The multiplicity of KK states renders 
any such higher dimensional scenario non-renormalizable. So 'running' of couplings or parameters 
with the energy scale does not make much of a sense. Rather, one can estimate the finite quantum 
corrections that these couplings/parameters receive whose size depends on some explicit cutoff A. 
The contribution comes from Ai? number of KK states which lie between the scale of the first KK 
state, which is and the cutoff A. With this interpretation of RG running, we compute the one 
loop beta functions of the gauge and Yukawa couplings and various soft supersymmetry breaking 
masses. We make the following observations: 

1 . The contribution to the beta function from a given KK mode does not depend on its KK label. 

2. When we consider different KK thresholds we neglect their zero mode masses, i.e. we assume 
that the nth level KK state is kicked into life when we cross the energy scale n/ R. 
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3. As we cross different KK thresholds, the beta functions also change. The beta function of the 
quantity X at an energy scale Q, where n ^ QR < (n + 1), can be written as (t = ln(Q/(5o), 
where Qq is a reference scale, e.g. the electroweak scale) 

dX 

— - = (5x , where (5x = /3ox + nf3x ■ (4.1 1) 

ot 

Here (3ox is the contribution induced by the zero mode (i.e. ordinary 4d MSSM) states (which 
may be found, for example, in the review [54]) and $x arises from a single KK mode. Eq. 4.11 
is our master equation, using which we perform a diagram by diagram calculation for the esti- 
mation of (3x for various couplings and parameters. 



4.3.1 Gauge couplings and gaugino masses 

The running of the gauge couplings (gi) and gaugino masses (Mj) are controlled by 



167r2 



W + nh 



/3. 



M,; 



167r2 



(4.12) 



For the gauge groups U(l) (which corresponds to gi = ^/5j3g', which unifies), SU(2) and SU(3), 

feo = (33/5, 1, -3), and k = (26/5, 2, -2) respectively. 



4.3.2 Yukawa and scalar trilinear couplings 

We recall that = 1 non-renormalization relates the beta functions of the Yukawa couplings (yijk) to 
the anomalous dimension matrices (7*) of the superfields. This theorem implies that logarithmically 
divergent contributions can always be written in terms of wave-function renormalizations. Generi- 
cally, Uijk may be written as 

The Feynman diagrams showing the KK contributions to the wave-function renormalizations of the 
scalars and fermions are displayed in Figure 4.1. The contribution from the gauge sector cancels 
exactly as a consequence of the N = 2 non-renormalization theorem mentioned in section 4.2. Di- 
agrammatically, the origin of this cancellation may be traced to a relative sign between the A^- and 
0-propagators - see Eq. 4.1. Only the brane localized Yukawa interactions contribute to the Yukawa 
evolution. We also keep track of the fact that the Z2 odd fields have vanishing wave-functions at the 
two branes, leaving the even fields alone to contribute to the diagrams in Figure 4.1. Here we have 
made a tacit assumption that although the Yukawa interaction is brane localized, only one KK level 
(n) states float inside the loop at a time. This is a technical assumption to ensure calculability by 
avoiding KK divergence which would have arisen while summing more than one KK index in a loop 
calculation. 

To appreciate the numerical impact of the bulk N = 2 non-renormalization, we first write down the 
conventional 4d MSSM beta functions (i.e. those coming from zero mode states in the 5d context) 
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Figure 4.1: Feynman diagrams showing the KK contributions to the wave-function renormalizations of the 
zero mode and Hu- Similar diagrams for the other fermions and scalars may be drawn analogously. Here 
Afj_ is a generic gauge field and is an adjoint scalar, both arising from a vector hypermultiplet. 



which contribute to the evolution of the third generation Yukawa couplings [54] : 
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(4.14) 
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The corresponding KK contributions are given by 

^f = (3%g,^0) {f = t,b,T 



(4.15) 



where the vanishing gauge contributions are a direct consequence of the bulk N = 2 non- 
renormalization. 

The effects of the above non-renormalization can also be felt in the evolution of the trilinear scalar 
couplings. The relevant Feynman diagrams are displayed in Figure 4.2. Again, for illustration, we 
first write down the contributions to the beta functions from the zero mode (i.e. 4d MSSM) states [54] : 
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(4.16) 
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As expected, the beta functions of the soft super symmetry breaking parameters are proportional not 
only to those parameters but to others as well, since any non-renormalization theorem ceases to work 
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Figure 4.2: Feynman diagrams showing the KK loop contribution to the evolution of a trilinear scalar cou- 
pling. The diagrams contributing to other trilinear couplings may be drawn analogously. 



when supersymmetry is broken. For the computation of f3ap we need to keep in mind the essence 
of Eq. 4.15, i.e. the absence of gauge contributions in 13 f, while solving the coupled differential 
equations. However, that part of the gauge contributions (proportional to gf) to the trilinear scalar 
couplings which multiply the gaugino masses (Afj) in Eq. 4.16 would still remain while computing 
the KK contribution. All in all, 

4, =/3°,M. ->0). (4.17) 



4.3.3 Scalar masses 

We make three observations regarding the KK contributions to the evolution of scalar masses (see 
Figure 4.3): 

1. The two diagrams in the lower row of Figure 4.3 depend on the Yukawa couplings. Hence, they 
are important only for the third generation matter fields. 

2. Recall that in the evolution of the Yukawa couplings the KK contributions from the gauge field 

and the complex scalar exactly cancelled thanks to the bulk N = 2 non-renormalization. 
However, their fermionic superpartners contribute to the scalar mass evolution and those con- 
tributions add up instead of canceling out. This happens because these contributions yield 
gaugino masses which are = 1 supersymmetry breaking parameters and hence the non- 
renormalization theorem ceases to be applicable. 
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3. Each KK state in the two diagrams in the top row of Figure 4.3 contributes twice that of the SM 
because of the doubling of the fermions (this factor of 2 is highlighted in bold-face in Eqs. 4.18 
and 4.19 below). However, each KK state at the lower row diagrams contributes the same as 
in the SM because the odd fermion modes vanish at the brane where Yukawa interaction is 
confined. 



Below we write down the beta functions of the third generation scalars: 
1 
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(4.18) 



The beta functions for the Higgs scalars are given by 
1 
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4.4 Special numerical features of RG running in 5d scenario 

In this section, we highlight the special features of RG evolution in the 5d scenario. We also compare 
and contrast them with the 4d features. For all our numerical estimates we have fixed = 1 TeV. 



4.4.1 The Gauge and Yukawa couplings 

The power law running of the gauge and Yukawa couplings has been discussed in [131, 133] for 
the non-supersymmetric scenario and in [131] for the supers ymmetric case. As far as the Higgs 
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Figure 4.3: Feynman diagrams showing the KK contributions to the running of the up-type Higgs mass. 
Diagrams contributing to the evolution of the other soft scalar masses may be drawn analogously. 



multiplets are concerned, there is a crucial difference between our model and that considered in [131]. 
In our scenario there are separate up- and down-type Higgs hypermultiplets - see Eq. 4.4. Inside each 
hypermultiplet only the left column with label (L) is Z2 even and its scalar zero mode receives a 
vev, whereas the right column with label (R) is projected out. In other words, the hypermultiplet 
Hu contains the vev Vu and, similarly, Hd contains Vd- On the other hand, [131] contains a single 
hypermultiplet, each column of which has a zero mode, one to be identified with the up-type chiral 
multiplet which contains the vev Vu, and the other to be identified with the down-type containing Vd- 
While our approach constitutes a straightforward generalization of Hu and Hd from chiral multiplets 
to hypermultiplets, the choice made in [131] requires non-trivial boundary conditions. These two 
different assumptions lead to significant numerical differences. In our approach, the gauge couplings 
converge to one another but actually do not meet at a single point, while in [13 1] the gauge couplings 
do meet at a point. The difference in the number of KK scalar excitations makes the difference 
between the two approaches. 

Indeed, both gauge and Yukawa couplings exhibit power law running due to summation over the KK 
states as one crosses the energy thresholds. As we have mentioned in section 4.2, keeping the first 
two matter generations confined at the brane ensures that the couplings remain perturbative even with 
as low as 1 TeV. Starting from their LEP-measured values at the weak scale, as we extrapolate 
the gauge couplings using the KK beta functions we observe that the three couplings approach very 
close to one another near 32 TeV, but they do not actually meet at any point, as mentioned in the 
previous paragraph. 
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A crucial point of immense numerical significance is that on account of the special N = 2 bulk non- 
renormalization, the third generation matter hypermultiplet kept in the bulk does not receive any wave- 
function renormalization from the gauge hypermultiplet, which we have illustrated below Eq. 4.13. 
As an important consequence of this, the Yukawa couplings blow up to large (non-perturbative) values 
around A ~ 1 8 TeV, which we therefore take to be the effective cutoff of our theory. 

4.4.2 The gaugino and scalar masses 

We assume that at the highest scale A = 18 TeV of our theory, i.e. just before the Yukawa couplings 
blow up, all scalar masses unify to mo and all gaugino masses to Mi/2- Our high scale parameters are 
then mo, M1/2, sgn(yu) and tan/3 = Vu/i'd- 

The gaugino mass running is governed by the evolution of gauge couplings. Since gauge couplings 
nearly meet around 32 TeV, the gaugino masses tend to converge also at that scale. But in the present 
context, as mentioned before, we forced the gaugino masses to unify at 18 TeV. Recall that in 5d the 
running is short but fast (power law), but in 4d it is long and slow (logarithmic). This leads to a general 
expectation that, starting from a given high scale value, the low scale predictions would be similar 
in 4d and 5d. But since we forcibly unified the gaugino masses in our set-up, earlier than otherwise 
expected, we obtain a somewhat different set of low scale values. The gaugino mass scaling in 5d is 
shown in Figure 4.4, while in the inset, the 4d running is displayed. A rough comparison of the weak 
scale ratios of the three gaugino masses is presented below: 

Ml, M2, M3 ~ (0.4, 0.8, 3.0) X Ml/2 (in 4d) , 

Mi,M2,M3 ~ (0.7,0.8,2.0) X Ml/2 (in 5d). (4.20) 

If i?-parity remains conserved, the lightest neutralino remains the lightest supersymmetric particle 
(LSP), only that its mass is heavier than what is expected in the standard 4d scenario - see Eq. 4.20. 

Figure 4.5 shows the running of the soft scalar masses. The large top quark Yukawa coupling contin- 
ues to play a crucial role as in 4d. A rough comparison of the weak scale predictions in 4d and 5d 
is: 

m|^ ~ mg + 5.5M^2/2 (in 4d) , 

m|^ ~ m^ + 3.5M2/2 (in 5d). (4.21) 

Even for the brane localized scalars, the 5d model predicts slightly higher weak scale masses com- 
pared to 4d. 

During power law running we ensure that radiative breaking of electroweak symmetry does happen 
at the desired scale^. Just like in 4d, only mjj^ turns negative while all other scalars remain positive. 
Again, the large top quark Yukawa coupling drives this phase transition. A point to note is that unless 
we keep the third generation matter in the bulk, electroweak symmetry would never break radiatively 
in our class of models. 

^Radiative electroweak symmetry breaking has been discussed in the context of some specific realization of supersym- 
metry breaking in an orbifold [143, 146]. 
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4.5 The mo — M1/2 parameter space 



4.5.1 Numerical procedure 

For our numerical estimates we go through the following steps: 

1. We scan mo and M1/2 over a range [0.1 — 1.0] /i?. We choose tan/3 = 10 and take both positive 
and negative values of /i. We use one loop RG equations as displayed in section 4.3. 

2. For each input combination, we perform a consistency check to ensure correct electroweak 
symmetry breaking, and accept only those inputs which admit this phenomenon. 

3. We then feed the weak scale spectrum into the code micrOMEGAS [147], and using this soft- 
ware package calculate the dark matter density (riDM)^ Br {b — )■ S7), Aa^ = {g — 2)^/2, and 
Ap. Since we consider 1/i? = 1 TeV, which is a bit too high compared to the lighter section of 
the zero mode superparticle spectrum, we neglect the direct loop contributions of the KK par- 
ticles. In other words, the KK effects feed into the calculation of low energy spectra via power 
law running, but after that we rely on the standard 4d computations encoded in micrOMEGAS. 
This approximation is good enough for our purpose. 

4. We compare the predictions of the above observables with their experimental values/constraints, 
and translate the information into the inclusion/exclusion plots, given in Figures 4.6 and 4.7 in 
the uiq — Ml/2 plane. The 4d plots have been reproduced to serve as a guide to the eyes for 
capturing the 5d subtleties. We note that our 4d plots are in agreement with the ones in the 
existing literature, e.g. with [148]. 

4.5.2 Comparison between 4d and 5d models 

We highlight only the major differences between the 4d and 5d models that appear in the mo-Mi/2 
plane. 

1. We assume that i?-parity is conserved. In the 4d scenario the lightest neutralino is the most 
likely candidate for an LSP. In the 5d model the situation is somewhat tricky. Indeed, the 4d 
LSP is still an LSP here which is the zero mode neutralino. Besides, if the KK parity remains 
conserved, then the n = 1 mode of photon tower, namely 71, and its supersymmetric partner 71 
are also stable dark matter candidates. However, the KK parity is unlikely to be respected by 
the brane-bulk interaction. In our numerical analysis, we have treated the zero mode LSP as the 
dark matter candidate. 

2. We have taken a 3a range of the five year average of WMAP dark matter density (0.087 < 
^DM^^ < 0.138) [33]. We raise a caution here that ifKK parity remains conserved and we 
have two more dark matter candidates, as mentioned above, then the edge of the allowed band 
arising from the lower limit of I^dm would be further stretched. Note further that in the 5d case 
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there is a slight broadening of the WMAP allowed strip compared to 4d. This happens because 
of a combined effect of Eqs. 4.20 and 4.21 leading to a reduced sensitivity to M1/2 variation. 

3. As a consequence of Eq. 4.20, to arrive at a given value of Mi, one needs to start from a smaller 
Ml/2 in 5d compared to 4d. For this reason, the region where the lightest neutralino satisfies 
the dark matter constraints extends to a lower value of M1/2 in 5d compared to 4d. 

4. We have taken 2.65 x IQ-^ < Br (6 ^ 57) < 4.45 x 10"^ [149], and 10.6 x 10-^° < Aa"^^"^ = 
[g — 2)^/2 < 43.6 x 10~^° [30]. There is nothing much to distinguish between 4d and 5d from 
these two observables. 

5. We have not included the direct loop effects of the virtual KK states for any of the weak scale 
observables. For = 1 TeV or more, for processes like muon anomalous magnetic moment 
or 6 — )■ S7, such effects are numerically negligible, but only for the Higgs mass it makes a 
difference. In Figures. 4.6 and 4.7, the entire region to the left of the line marked with rrih = 114 
GeV is disfavored from the non-observation of the Higgs boson. However, if we include the 
KK loop correction to the Higgs mass [112], the entire hitherto disfavored region is resurrected. 

6. To ensure correct electro weak symmetry breaking, we had to take a factor 2 to 3 larger (than 
4d) value of /i in 5d at the cutoff scale. Otherwise rn?Hu would become negative at a scale higher 
than required, thanks again to the bulk N = 2 non-renormalization. 



4.6 Conclusions and Outlook 

We reiterate that the presence of extra dimensions is an essential part of any high scale fundamental 
theory, and supersymmetry is quite often an integral component of such theories. Furthermore, extra 
dimension may trigger supersymmetry breaking. Be it a Scherk-Schwarz mechanism, or a breaking 
triggered by a spurion F-term vev, or due to compactification on the orbifold / (Z2 x Z2), or for 
that matter any top-down scenario that contains supersymmetry, would find a common ground in our 
phenomenological model where we varied mo and Afi/2 in a reasonable range [0.1 — 1.0]-R^^. 

The logarithmic running in 4d from 100 GeV to 10^^ GeV is replaced in 5d by fast power law run- 
ning on a shorter interval from 100 GeV to about 30 TeV in 5d thanks to the KK states. This has 
nothing to do with supersymmetry. What is special about 5d supersymmetry is a special N = 2 
non-renormalization that forces us to consider an early cutoff (~ 18 TeV). 

The constraints in the mo-Mi/2 plane have been placed for the first time in this work. The ratio 
Ml/ Ml/2 is higher in 5d compared to 4d. For this reason the allowed region in the 5d plot extends to 
lower values of M1/2 compared to the 4d plot. 

Two issues require further studies that is beyond the scope of this thesis: (i) Besides the lightest 
neutralino (the usual 4d LSP), there are two other candidates of dark matter in this model. One is 71, 
the n = 1 level photon, and the other is its superpartner 71. Both are stable dark matter candidates if 
KK parity remains conserved. The combined ejfects of all three candidates need to be investigated. 
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It will also be interesting to revisit the lower limit on i? ^ in a supersymmetric scenario, which we 
suspect would be relaxed. 
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Figure 4.6: The mo — M1/2 parameter space for /i > . We keep tan/3 = 10 for all the plots. The region ruled 
out by i?(6 — )■ 57) is shaded in light green (lightest shade) ,the f LSP region is shaded in red (darker shade) and 
the region favored by {g — 2)^ is the region between the two blue (darkest shade) lines. The WMAP allowed 
region where .087 < Oda/^^ < -138 is shaded in black. We also show the contours for m/^ = llAGeV and 
'm^± = 103.3GeV, the region to the left of these lines are ruled out by the lep exclusion limits. For the 5d 
models, the Higgs contour shown does not include the KK contribution. 
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Chapter 5 

Summary and Conclusions 



We have entered the LHC era with confidence in our belief in the existence of a theory beyond the 
standard model. We already have experimental evidences in its favour from the electro-weak sector, 
like the exixtance neutrino mass. Expectations are mounting that the LHC will discover some of these 
new physics, tuming decades of speculation into experimental realities. Certainly it will pave the way 
for future research in this field. 

New physics of different incarnations, especially supersymmetry and/or extra dimensions, are crying 
out for validation. And the LHC is expected to sit on judgement on them. At this crucial juncture 
in the development of particle physics, we consider it relevant to study the phenomenology of these 
scenarios that are testable at the collider experiments already underway (like the LHC) or is at the 
planning stage (like the ILC). In this thesis we have studied the formal and phenomenological aspects 
of supersymmetry, extra dimension and their interface. 

In the second chapter of this thesis we discuss the impact of warped extra dimension on the processes 
gg h and h 77, that are of paramount importance in the context of Higgs search at the LHC. 
These processes are loop driven and hence could be sensitive to the presence of any new colored 
fermion states having a large coupling with the Higgs. We confine Higgs field to the TeV brane and 
the hierarchy of fermion masses is addressed by localizing them at different positions in the bulk. 
We show that the Yukawa coupling of the Higgs with the fermion Kaluza-Klein (KK) states can be 
order one irrespective of their zero mode masses. We observe that the gg ^ h and /i — )■ 77 rates are 
substantially altered if the KK states lie within the reach of LHC. We found that inspite of completely 
different reasons, the numerical impact of the RS model is comparable to the UED scenario. 

In chapter three we compute radiative correction to the lightest neutral Higgs mass (mh) induced 
by the Kaluza-Klein (KK) towers of fermions and sfermions in a minimal super symmetric scenario 
embeded in a 5-dimensional warped space. The Higgs is again confined to the TeV brane, providing a 
handle to address the /i problem. The KK spectrum of matter supermultiplets is tied to the explanation 
of the fermion mass hierarchy . We demonstrate that for a reasonable choice of extra-dimensional 
parameters, the KK-induced radiative correction can enhance the upper limit on rrih by as much as 
100 GeV beyond the 4d limit of 135 GeV. Here the impact is still significant but more modest as 



86 



compared to UED scenario, considering the more restrictive constraints on the RS scenario comming 
from precision electroweak observables. 

In the fourth chapter of this thesis we studied the running of the soft parameters and the couplings 
of the minimal supersymmetric standard model embedded in a flat extra dimension compactified on 
an Si 17^2 orbifold. In order to keep the theory perturbative at all scales we restricted the first two 
generations of fermions to the 3-branes, allowing all other fields to access the extra dimension. We 
computed the contributions of the Kaluza-Klein (KK) towers to the various one-loop (3 functions. 
We demonstrated that radiative electroweak symmetry breaking can be achieved in this scenario. We 
also put constraints on the mo — Mi 12 plane of the theory from various theoretical considerations 
and experimental observations. We have incorporated constraints coming from direct LEP search for 
supersymmetric particles, Higgs mass limit, anomalous magnetic moment of the muon {g — 2)^j, the p 
parameter, branching ratio of 6 — 57 and WMAP probe for relative dark matter abundance. Our plots 
are the first 5d versions of the often displayed 4d mo-Mi/2 plots. We also study the reasons behind 
the differences between the 4d and 5d plots which arises mainly from the effect of the supersymmetric 
(A^ = 1 & = 2) non-renormalization theorems. 
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